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When observed optically, alkali feldspars often appear dusty or turbid. The 
cause of this turbidity is at or beyond the limits of optical resolution but by using 
.
electron microscopy it has been shown to be intimately related to the presence of 
micropores. Micropores are found in all pink or white alkali feldspars and are absent 
only from fresh black feldspars from rocks (such as fayalite or pyroxene bearing 
rapakivi granites, granulites and a lunar breccia) which petrographically show 
evidence of a very dry history. In general, micropores, averaging 0.5j.tm in length, 
make up around 1.5% of the alkali feldspars although porosities of up to 4.5% have 
been found. The shape of micropores is commonly controlled by Adulana habit 
overgrowths. 
Back-scattered electron imaging and transmission electron microscopy have 
shown that micropores are absent from strain controlled, coherent perthites and are 
found only in deutencally coarsened, incoherent, patch perthites. Exceptions to this 
rule are rare trains of micropores which cross strain controlled perthites and which 
are the remains of microcracks which healed in crystallographic continuity at 
temperatures above the alkali feldspar solvus. The character of the pristine areas 
varies with bulk composition. Or-rich areas are normally "tweed orthoclase, with or 
without straight lamellar perthites. Intermediate compositions are lamellar or braid 
perthites of low albite and microcline. Turbid areas contain deutenc perthites and 
microcline in all cases. The structural integrity of the crystal is also lost in the turbid 
areas which are made up of numerous subgrains less than 1 jtm across with 
micropores in the gaps between the subgrains. 
Cleavage fragments from the Klokken layered syenite, South Greenland, 
were heated to 700C at O.1GPa in 99% H 2180 for 75hr and then polished and 
imaged on an ion microprobe for 180. It was found that the 180  had penetrated into 
the microporous parts of the crystals and not into the pristine parts. At least some of 
the micropores and subgrain boundaries are therefore interconnected and have 
made the feldspar permeable as well as porous. 
The change from pristine to microporous feldspar was found to be 
III 
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isochemical with respect to major elements but not with respect to minor and trace 
elements. Several elements, including B, Sr and selected rare earth elements, were 
found in places to occur in higher concentrations in the turbid areas. Rb was the only 
element found in higher concentrations in the pristine feldspar. It is unclear whether 
the elements favouring the turbid areas are found in the alkali feldspars themselves 
or in non-feldspar phases within the micropores. Clays were found within the 
micropores and phases were identified containing, amongst others, Fe, Ti, Mg, Ba, 
Mn, Pb (possibly galena), Sn, Ag and NaCl. It was also shown using IA spectroscopy 
that the water contained in the turbid alkali feldspars takes the form of liquid water 
with lesser amounts of structurally bound water. Liquid water is absent from the 
black, non-porous feldspars which contain only structurally bound water. It is likely 
that the liquid water is contained within micropores which are discrete micropores 
which are not part of any permeable network. 
The formation of turbid microcline was studied experimentally using synthetic 
KGaSi308 and KFeSi308  feldspars. In both these systems the transformation from 
the sanidine to the microcline state was accompanied by the formation of 
micropores. 180  imaged in microclines which transformed from sanidine in the 
presence of H2180 suggests that solution-reprecipitation is the likely mechanism by 
which the transformation occurred. In the proposed mechanism alkali féldspars either 
exsolve on cooling into strain controlled perthitic intergrowths or order to form 
orthoclase. Strain energy within these intergrowths is then released by the interaction 
of a fluid late in the cooling history of the crystal (<450C) facilitating the change in 
perthite style and allowing ordering to go to completion, via a process of small scale 
local solution-reprecipitation steps. Material is also lost from the feldspars during this 
process leading to the development of the micropores. Fluids moving through the 
micropore/subgrain network can then lead to the development of the secondary 
phases noted. 
As a non-trivial feature of alkali feldspars which also renders the crystal 
permeable, micropores are likely to play an important role in geological processes 
involving alkali feldspars. By providing access to the centre of grains by non-volume 
diffusion and by reducing the effective grain size, the micropore/subgrain network will 
allow more rapid movement of material, such as oxygen and metal and radiogenic 
ions, into and out of the centre of turbid crystals and will allow exchange of these 
ij 
ions within the crystal to continue at lower temperatures. The increase in the effective 
surface area provided by the micropores will also lead to an increase in the reactivity, 
absorptive properties and dissolution rates of the crystal. 
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Members of the feldspar group are the most abundant group of minerals in 
the Earth's crust whose ubiquity and compositional variation in igneous rocks has 
led to their being the primary tool in their classification. They are only absent from 
some ultrabasic and some rare alkaline rocks, are important in pegmatites and veins 
and are major constituents of gneisses and schists, occurring in both regional and 
thermally metamorphosed rocks. In sedimentary rocks feldspars are second only in 
importance to quartz, this in spite of being much more susceptible to weathering and 
chemical breakdown. Only in carbonates, and to a lesser degree in argillaceous 
sediments, are feldspars of minor importance. 
When observed optically, alkali feldspars almost invariably appear dusty or 
turbid (plate 1.1) and this is usually attributed to alteration which occurred during the 
cooling of the rock. The cause of this turbidity is at and, more usually, beyond the 
limits of optical resolution and is often given no more consideration than a cursory 
note of its presence. It has long been suggested that turbidity is closely related to 
sub-micrometre vacuoles (Folk 1955) or micropores. 
1(a) Previous Work 
Folk (1955) suggested that turbidity in alkali feldspars was not, as was widely 
believed at the time (eg Poldervaart and Gilkey 1954), the result of "kaolin-like clay 
minerals" but was the result of vacuoles similar to fluid inclusions in quartz. He 
indicated that the vacuoles were filled with a fluid of lower refractive index than 
feldspar and noted that fluid filled vacuoles, sometimes containing a gas bubble, 
were commoner in add rather than basic rocks. The study of fluid inclusions in 
feldspars is more difficult than in quartz due to excellent cleavages (which lead to 
leakages) and the very small size of the inclusions (Roedder 1984). Roedder and 
Coombs (1967) however in a study of fluid inclusions from various granite blocks 
2 
found that perthitic alkali feldspars contained up to 1010  inclusions per crn3 . The 
inclusions were concentrated in the coarsely exsolved regions of the crystals. They 
envisaged these forming in two processes. Firstly they formed as highly saline 
globules on the edge of the growing crystal and were incorporated into the crystal. 
Secondly, the fluid changed to become much more aqueous and became included 
either on the growing face of the crystal or by moving along microcracks into the 
crystal. They describe the perthites as being coarse and irregular. 
With the increased use of scanning electron microscopy (SEM) in geology 
during the 1970s detailed studies of these micropores began to be carried out. Brace 
et al (1972) noted that feldspars contained equant pores which were randomly 
distributed throughout the crystal. Sprunt and Brace (1974), although concentrating 
on microcracks, recognised that micropores, which made up 1% or more of a crystal, 
may be an important influence on the physical properties and chemical reactivity of 
the host crystal. 
Montgomery and Brace (1975), in a study of plagioclase feldspars, noted 
porosities of up to 2.3% by volume which were comprised of pores ranging in size 
from <him to 40jim. Higher porosities were found in granitic rocks whose 
crystallisation history had water as an important component. Plagioclase from the 
gabbros, diorite and metamorphic rocks which they studied, rocks with an essentially 
dry crystallisation history, had very low microporosities. They also suggested that 
equant pores were the sites of fluid inclusions while planar pores represent healed 
microcracks. Both types, they suggest, are closely related to the early history of the 
rock. Dengler (1976) also found micropores in unstressed plagioclase. These varied 
in size from <1jm to 3JLm and were found in greater abundance than in quartz from 
the same rock. Parsons (1978) noted that in rocks from the Klokken layered syenite 
of Greenland, the potassium rich phase was rich in tiny rounded cavities causing the 
turbidity. 
Rama and Moore (1984) imaged micropores on the surface of feldspar grains 
from a saprolite. They suggested that the crystals were permeated by a network of 
pores with openings between them of around 10-20 nm. This wnanopore network 
was thought to allow diffusion of radon gas from the nanopore water into 
intergranular water and thus escape from the crystal. 
Plate 1.1 
Photomicrograph (ppl) of sample DHF-6A, Loch Ainort granite, Isle of Skye, 
Scotland. In the centre of the photo is a diamond shaped quartz grain which is 
enclosed within a partially turbid alkali feldspar. Turbidity seems to be concentrated 










A direct link between turbidity and micropores was demonstrated by Ferry 
(1985) who showed that optically clear alkali feldspars from Tertiary granites from 
Skye exhibited smooth, featureless surfaces in polished thin section. In contrast, the 
surfaces of turbid alkali feldspars showed numerous tiny pits which he suggested 
were exposed fluid inclusions. Transmission electron microscopy (TEM) on the same 
suite of rocks by Guthrie and Veblen (1991) confirmed the link by correlating directly 
turbid areas with areas rich in micropores. This study also showed that the 
micropores in some places contained metal oxides and sulphides as well as NaCI. 
Micropores have also been imaged using the most modem of methods. 
Hochella et al (1990) used atomic-force microscopy to image pores on an albite 
cleavage surface which were 500 nm wide and 80 nm deep. 
The presence of micropores has also been noted in studies of weathering 
although in these cases (eg Berner and Holdren 1979; Eggleton and Buseck 1980) it 
was assumed that the micropores were etch pits resulting from chemical weathering 
acting upon lattice scale dislocations. 
It has been shown repeatedly that the formation of turbid areas in alkali 
feldspar's is closely related to interaction of fluids with the crystal at depth late in its 
cooling history while it was still at around 400C (Folk 1955; Montgomery and Brace 
1975; Parsons 1978; Ferry 1985). Parsons (1978) noted that the change from non-
turbid to turbid feldspar accompanied a change in the perthite style of the crystal 
from regular cryptoperthites to irregular microperthites. Roedder and Coombs (1967), 
as noted earlier, found very large numbers of fluid inclusions in coarse 
microperthites. Ferry (1985) noted that turbid areas caused optically homogeneous 
alkali feldspars to exsolve into a microperthite. This was subsequently shown via 
TEM (Guthrie and Veblen 1991) to represent the coarsening of a very fine 
cryptoperthite. Ferry also noted that the 8 1180 of the turbid areas was lower (8180 -2 
to -6) than the non-turbid (8 180 7 to 8) areas suggesting a meteoric origin for the 
hydrothermal fluids. 
None of the previous work has however systematically studied micropores in 
alkali feldspars. 
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1(b)-Significance of Micropores in Alkali Feldspars 
Micropores in alkali feldspars in the same abundances as already found in 
plagioclase feldspars (Montgomery and Brace 1975), will have important effects on 
the chemical and physical properties of the mineral. Sprunt and Brace (1974) noted 
that cavities in feldspars "may profoundly influence elastic properties of rocks like 
granite" and would also affect the strength characteristics of the rock. 
On a more intimate scale, the chemical reactivity of a feldspar may be 
" increased if the surface area of the mineral is increased via numerous pores. An 
even more significant effect on the minerals would occur if the micropores were 
interconnected rendering the feldspar not only porous but permeable. Micropores 
would allow more widespread interaction with fluids than microcracks. These have 
previously been shown to contain kaolinite and sméctite (Rodgers and Holland 
1979). Saigal et al (1988), while studying the albitisation of clastic potassium 
feldspar, noted that intragranular permeability would allow albitisation to occur 
deeper into the crystal by facilitating the movement of the K and Nat ions. 
Weathering of alkali feldspars involves dissolution of the feldspar and production of 
secondary minerals on the surface of the mineral (Holdren and Bemer 1979; Tazaki 
1986). By increasing the surface area available, micropores would lead to an 
increase in the rate of chemical weathering. lnskeep et al (1991) in a study of 
feldspar weathering noted "The importance of understanding the microstructure of 
feldspars used for laboratory weathenng studies". At the significant values found 
previously, micropores are an important microtexture. 
Parsons et al (1988) noted the effect interconnected pores would have with 
respect to 39Ar/40Ar dating. The micropores would provide an ideal channel for 
argon loss and hence lead to the low ages usually obtained from alkali feldspars 
using this technique. In their study it was shown that in alkali feldspars from the 
Klokken intrusion (South Greenland), non-turbid micro and cryptoperthites yielded 
ages close to that of the intrusion. Coarser turbid perthites however gave low ages. A 
similar effect was noted by Rama and Moore (1984) with respect to 222Rn escape in 
the U-Th decay system and leading to subsequent errors here also. 
Guthrie and Veblen (1991) noted that the pores in feldspars from Skye in 
places contained metal rich oxides and sulphides. Concentrations of trace elements 
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in micropores will be shown to be an important feature in understanding the 
distribution of trace elements within a rock. 
Previous work (Folk 1955; Montgomery and Brace 1975; Parsons 1978; 
Parsons and Brown 1985; Ferry 1985) has suggested that the presence of turbidity, 
and by association micropores, indicate fluid interaction with the mineral and possibly 
large scale chemical changes within the mineral and hence the rock. Micropores are 
therefore an important feature of alkali feldspars and their study is an important step 
in our understanding of this important mineral group. 
7 
1(c) Feldspar Mineralogy 
Feldspars. 
The feldspar group of minerals are the most abundant minerals found in the 
Earth's crust. (Many general works are available on feldspars with Ribbe (1983) and 
Smith and Brown (1988) being the most notable) They are aluminosilicates whose 
structure is composed of corner sharing A10 4 and SiO4  tetrahedra linked in a three 
dimensional framework. Large irregular cavities exist within the tetrahedral 
framework which are filled with charge balancing cations. The general formula 
WT408  summarises their chemistry where W is generally calcium, potassium, 
sodium and T is aluminium or silicon. These elements define the chemical end 
members of the ternary system KAIS60 8-NaAISi3O8-CaA6Sj208 (flg.1 .1). Members 
of the series between NaAlSi3O8 and KAIS1 308  are known as ALKALI FELDSPARS 
and display complete solid solution at high temperatures although, as we will discuss 
later, at low temperatures they tend to unmix. Those between NaAISI3O8 and 
CaAI2Si208  are known as PLAGIOCLASE FELDSPARS and display a complex, and 
poorly understood, solid solution at low temperatures. The distinction between 
plagioclase and alkali feldspars with similar calcium and potassium contents is 
somewhat arbitrary. 
Minor and trace element substitutions may occur in feldspars. Barium (which 
may be a major element), ammonium, strontium and rubidium being among those 
which substitute at the W site, boron, iron and titanium substitute at the T site. 
Within the structure of feldspars the tetrahedra are linked in rings of four 
which define the T408  group of the general formula. The W site is between the rings. 
Two of the vertices of each tetrahedron in the rings are linked to other members of 
the ring and two to other rings (fig. 1.2). On cooling the bond lengths between the 
tetrahedra and the W ion shorten causing the T408  framework to twist which in turn 
causes a slight difference in charge to exist at each of the T sites. With cooling the 
A13  ion orders to the site with the least negative charge with the Si 4 ordering to the 
other T sites (this process is shown in figure 1.3). This model is purely based on 
ionic bonding. It is thought that there may also be a covalent element involved. Exact 
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Figure 1.1 
Ternary feldspar system KAlSi30e-NaAlSi 308 CaAJ2Sj208. Feldspars quenched from 
high temperatures. The maximum solid solution corresponds to crystallization under 
tow pressure in the pure system. At lower temperatures the degree of solid solution 
decreases leading to exsolution in the alkali feldspars (fig 1.4). Sanidine is the high 
temperature form of KAISi 308. This changes structural state with dropping 
temperature to orthoclase and finally microcline (figs. 1.3 and 1.4). Plagioclase 
names are compositional and do not reflect structural state. Major compositional 
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T408  ring of four tetrahedra. Two tetrahedra (labelled U) are pointing up from the 
page, two are pointing down into the page (labelled 0). 
Schematic illustration showing linkage between T408  rings in feldspar. Solid lines 
= top sheet of rings; Dashed lines = lower sheet; Upper case U and 0 define how 
tetrahedra are pointing in upper sheet, tower case in lower sheet; Black dots = 
cations in upper sheet, empty dots = cations in lower sheet. Dotted lines indicate 
links between layers. Notice that the two sheets are not symmetrical but rings are 
rotated with respect to the underlying ring. The three dimensional linkage of the 
tetrahedra may also be noted. Figure redrawn after Deer et al (1966) and Smith and 
Brown (1988). 
(C) A perspective view of the tetrahedral linkage looking 'edge on to (b) i.e. 
perpendicular to the a axis. The six tetrahedra at the front and the six at the back 
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Figure 1.3 
Aluminium ordering in alkali feldspars. At high temperatures (sanidine) there is no 
difference between all the T sites and statistically a quarter of these are occupied by 
AP. On cooling AP starts to order to first the T 1 sites (orthoclase) and finally to the 
TI(0) site (microcline). Si is obliged to order to the T 2 sites. This process is brought 
to a conclusion in maximum microcline where AP is in the T 1(0) site. In natural 
systems complete ordering is rare, requiring very slow cooling rates, without the 
interaction of a hydrothermal fluid. 
details are not fully understood. A review may be found in Smith and Brown (1988). 
The siting of the AP ion is controlled by the "Aluminium avoidance principle" where 
no two adjacent T sites may contain the AP ion. 
Feldspar Polymorphism and Phase Relations 
Polymorphism exists within all three end members of the ternary feldspar 
system. The polymorphism of alkali feldspars is shown on figure 1.4. End member 
potassium feldspar polymorphism is controlled solely by the ordering of the AP'- and 
Si4 '- ions which are disordered in the high temperature polymorph sanidine and 
perfectly ordered in the lowest temperature polymorph, maximum (or low) microcline. 
This is combined with a gradual change in the symmetry of the crystal (fig.-1.3). This 
process eventually causes a change from a monoclinic to a triclinic structure with the 
change from orthoclase to microcline although the ordering process continues in the 
triclinic form. The triclinic structure is caused by the AP'- being mainly in the T l(0) site. 
In natural systems the kinetics at low temperatures prevents microcline formation by 
inhibiting diffusion of the AP+ and Si 4 '- ions. Microcline therefore only occurs in 
coherent perthites (see later and flg.1 .4(b)) as a result of interaction with the 
intergrown albite or in incoherent intergrowths resulting from hydrothermal interaction 
(Brown and Parsons 1989). 
End member sodium feldspar, ALBITE, also has its polymorphism controlled 
by AP'- and Sin-'- ordering. It has however, at high temperatures, an additional feature 
where monoclinic monalbite changes displacively to triclinic high albite. Strain within 
the lattice causes the framework to shear and the oxygen s of the tetrahedra to 
collapse around the Na'-. No bonds are broken. Ordering of the framework starts at a 
lower temperature (Brown and Parsons 1989). 
Between the two end members, alkali feldspars display a complete solid 
solution at high temperatures. At lower temperatures the different ionic radii of the K 
and Na-'- ions cause the intermediate structures to be unstable leading to unmixing of 
the end members and the presence of a solvus in the phase diagram (tig.1 .4). The 




Phase relationships for An-free alkali feldspars under complete (incoherent) 
equilibrium. Above the solvus (which in this case is the strain-free or incoherent 
solvus) feldspars are homogeneous and free of exsolution. Below the sotvus two 
phases coexist with compositions given by the solvus at a given temperature in 
proportions defined by the bulk composition. The interfaces between the two phases 
are fully incoherent and strain free. 
Behaviour diagram showing different equilibrium states as a function of bulk 
composition and temperature for completely coherent intergrowths (below heavy 
line). Inside the solvus (in this case the coherent solvus) the microtextures depend 
on the proportions of the phases and therefore on the bulk composition (dashed 
lines are schematic). Kinetics prevent perfect ordering and exsolution with maximum 
microcline occur only in mesoperthites with bulk composition around Ab0r 40 with 
orthoclase forming in more Ab and Or-rich bulk compositions. 
In both diagrams TOS indicates the atop  of solvusa. Notice that the TOS for the 
coherent solvus is at a lower temperature and hence plots inside the strain free 
solvus. MA = monalbite, HA = high albite, IA = intermediate albite, HS = high 
sanidine, LS = low sanidine, M = microcline, MM = maximum microcHne, Or/Orth = 
orthoclase. After Brown and Parsons (1989). 
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Figure 1.5 
A simplified diagram of the complex phase relationships within the plagioclase 
feldspars. Dashed lines show metastable curves which define the Pensterfle (PE), 
Beggild (Bø) and Huttenlocher (HU) exsolution intergrowths. It is thought that the 
Bøggild and Huttenlocher intergrowths represent coherent solvi inside a strain free 
solvus (Smith and Brown 1988). The phase relations are in general poorly 
understood. Redrawn after Smith (1 983a). 
Figure 1.5 















low albite + body-centred anorthite 
 
 
low albit. + primitive anorthite 
primitive anorthite 
0 	 20 	40 	60 
	
io'omol. % An 
The phase relations of intermediate plagioclase feldspars are more complex and 
less well defined (flg.1 .5). End member calcium feldspar, ANORTHITE, which contains 
two AP ions, is always, in nature, perfectly ordered, by virtue of the aluminium 
avoidance principle. It changes from body centred anorthite to primitive anorthite at low 
temperatures via a displacive realignment of the oxygens in the structure. Both forms are 
triclinic. The structure of the intermediate plagioclases is very poorly understood. It is 
known that three areas of unmixing are present: the peristerite intergrowth, the Beggild 
intergrowth and the Huttenlocher intergrowth. These are usually beyond the resolution of 
ordinary microscopes and their exact compositions and structure are not known. 
Perth ites 
As has been noted, alkali feldspars unmix to form an intergrowth of potassium 
and sodium feldspar known as a perthite. Only very rapidly cooled volcanic rocks may 
contain alkali feldspars without some form of exsolution which in natural feldspars is 
achieved through two contrasting mechanisms. The first stages are marked by 
exsolution which forms simple, regular intergrowths and leaves the interfaces between 
the phases coherent. The morphology in this case is controlled by strain within the 
crystal leading to these being known as STRAIN CONTROLLED PERTHITES (Parsons 
and Brown 1984) . At a later stage the feldspar may interact with a fluid which leads to 
the perthites developing coarser, irregular intergrowths known as DEUTERIC 
PERTHITES. As has been noted earlier, this change in texture may be accompanied by 
the development of turbidity in deutenc perthites (Parsons 1978). 
Strain Controlled Perthites 
Coherent exsolution takes place in alkali feldspars via spinodal decomposition 
(Vund 1983; Brown and Parsons 1984a). Due to the difference in ionic radius of the K 
and Na ions, coherency at cryptoperthitic boundaries requires an adjustment of the 
lattice spacing of the two phases and leads to the existence of strain in the intergrowths 
(Yund and Tullis 1983; Parsons and Brown 1984). These intergrowths are characterised 
by crypto and microperthites with simple regular morphologies. The exact morphology is 
dependent on the cooling rate of the crystal (Brown and Parsons 1984a) and its 
composition (Brown and Parsons 1984b). 
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When coherent strain exists within an intergrowth, the total free energy of the 
system is increased via the strain energy present. The coherent solvus in the alkali 
feldspar system therefore plots inside the strain free, noncoherent solvus. Figure 1.4 
shows the relative positions of the two soM. The compositions of the two phases present 
will as a result be different, at similar temperatures, in the two types of exsolution. 
Deuteric Perthites 
It has yet to be shown that strain free exsolution occurs naturally within a single 
crystal without the interaction of a fluid (Parsons and Brown 1984). Deutetic exsolution is 
however the norm in the vast majority of plutonic igneous rocks. This style of perthite is 
characterised by a complete disruption of the regular patterns found in strain controlled 
perthites and the formation of irregular, patchy intergrowths. This disruption is dramatic 
enough to have been dubbed "catastrophic coarsening" (Parsons 1978). 
In some examples, deuteric perthites can be seen to cross cut strain controlled 
perthites containing perfectly ordered maximum microcline (Parsons and Brown 1984) 
and must therefore be a low temperature phenomenon (possibly <450C) which took 
place after crystallisation. It has been suggested that fluid interaction, perhaps assisted 
by deformation, leads to solution-reprecipitation steps (O'Neill and Taylor 1967) resulting 
in the growth of much coarser perthites. Changes in perthite style are closely linked with 
the development of micropores in alkali feldspars and this process will be discussed later 
(Part 5). 
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1(d) Project Aims 
In order to systematically study micropores in alkali feldspars in greater detail 
than has already been done and to answer some of the questions which have arisen 
about their effects on the host mineral and mode of formation, three major aims for this 
study were defined as follows. 
The characterisation of micropores in alkali feldspars. 
In order to understand micropores in alkali feldspars we must first determine what 
form they take. To this end the shape, abundance and contents of micropores from a 
wide range of host rocks were studied. The distribution of micropores through the host 
crystals, their relationship to any other feldspar texture such as perthites and the effect of 
the environment of the host crystal within the rock was also considered. 
The effect of micropores on the host crystaL 
The actual presence of micropores in alkali feldspars is not in itself an important 
feature. The major significance of this study lies, as has already been outlined in section 
1(b), in the effect the presence of micropores has on the behaviour of alkali feldspars 
both internally (eg trace element distribution and diffusion) and with respect to external 
reactions (eg weathering and reaction with fluids). In order for a study of this type to be 
successful it must be demonstrated that the pores do indeed have important effects on 
the host mineral. 
The mode of micropore formation 
Having determined what form micropores take and what effect they have on the 
host crystal, it is also important to determine how the .micropores formed. Observations 





THE CHARACTERISATION OF MICROPORES IN 
ALKALI FELDSPARS 
The initial aim of this study was to determine how common micropores in 
alkali feldspars are and what physical form they take. A detailed study of the 
micropores themselves was therefore undertaken to determine where they are found 
and their physical appearance. This is then built upon in Part 3 where the habitat" of 
the micropores within the feldspar crystal and the feldspars within the host rock are 
examined. 
2(a) Sample Preparation and Data Collection Techniques 
The first task which must be undertaken in a study of this type is to determine 
the best way of observing the micropores. As has been stated, micropores are 
generally beyond the resolution of optical microscopy. Previous studies (eg Sprunt 
and Brace 1974; Montgomery and Brace 1975; Dengler 1976) made use of the 
scanning electron microscope (SEM) and the transmission electron microscope 
(TEM) (Guthrie and Veblen 1991) to obtain the resolution necessary. As preparation 
for the TEM is complex when compared with SEM preparation it was decided that 
SEM would be the main tool used in the present study. TEM would be used more 
selectively later in the project to study specific details. 
Optimum Sample Preparation 
It was perceived that three possible techniques could be used: 
Normal polished thin sections as prepared for electron microprobe 
work. 
Samples which had been polished conventionally then given a final 
polish using an atom mill (as used by Sprunt and Brace 1974; 
Montgomery and Brace 1975). This technique involves using a beam 
of argon atoms to erode the surface of the crystal and is normally 
used in the preparation of TEM samples. 
3. Cleavage fragments broken from the surface of crystals (as used by 
Dengler 1976). 
To investigate the merits of these methods a sample was prepared using 
each of the above from the same rock. In this case the rock chosen was a laminated 
syenite from the Klokken Layered Syenite, South Greenland (sample no. 43738). 
This was chosen as it is known to contain areas of strain controlled perthite and 
deutenc perthite (see Part 1 for discussion). These terms were coined following work 
on samples from this pluton (Parsons and Brown 1984). The samples were prepared 
as outlined above, then coated with a fine layer of gold (sputtered onto the sample 
under vacuum in a commercially available coater) to prevent charging of the sample 
under the electron beam. 
When imaged using a Cambridge Stereoscan 250 electron microscope in 
secondary electron imaging mode ) differences between the methods were 
immediately obvious. The electron probe slide was found to alter the shape of the 
micropores by rounding off any angular corners with the result that the true shape of 
the pore could not be determined. This method also introduced artifacts to the 
surface of the crystals, In the form of scratches, and filled in some of the pores with 
polishing debris (plate 2.1). Atom milling, like physical polishing, tended to round off 
the edges of the pores. It did not however introduce scratches nor fill the pores with 
debris. It did however lead to the development of rather strange blister-like features 
on the surface (plate 2.2). Both these methods lead to the obliteration of the smaller 
micropores. Cleavage fragments, unlike the two other methods, did not lead to any 
artefacts nor did they cause small pores to be lost. The detail of the pore outlines and 
the number of small pores visible was in fact striking. Delicate structures within the 
pores, such as bridges and"peninsulas" can clearly be seen (plate 2.3). 
This method of preparation however is open to two criticisms. Firstly it could 
be argued that the pores seen are in fact pluck marks and hence not inherent 
features of the mineral. The shape of the pores indicates however that they are not 




Secondary electron image of sample 140012 (granular syenite from Klokken 
layered syenite, Greenland). Polished microprobe slide. Areas which appear turbid 
optically (P) appear porous, non-turbid areas (NT) do not. A = araldite. 
Secondary electron image of same sample. Polished microprobe slide. This 
image shows well the damage to the crystal caused by polishing. Scratches and 
rounding of the pore edges can clearly be seen. The large pore at the top right also 
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Plate 2.2 
Secondary electron image of sample 43738 (laminated syenite from Ktokken layered 
syenite, Greenland). Atom milled polished slide. No scratches have been developed 
by this technique but the surface is covered by blister-like features. Rounding of the 















Secondary electron image of sample 140115 (granular syenite from Klokken 
layered syenite, Greenland). Surface of cleavage fragment. Notice that the very 
delicate stnicture may be clearly seen as can what appear to be outgrowths of new 
feldspar within the micropore. Also visible is a very small micropore above the larger 
one. The granular effect on the surface is caused by the gold coat evaporated onto 
the sample to prevent electric charging within the SEM. 
Secondary electron image of sample RPA1 (monchiquite from Rudden's Point, 
Elie, Fife, Scotland). (010) Surface of cleavage fragment. The very angular nature of 
the micropores in this sample is unusual with the outlines apparently completely 

























and also a number of the pores appear to "bell-our below the surface of the crystal 
(see later plates). Secondly it may be that the crystals break along planes unusually 
rich in micropores. Micropores appear from light microscopy to be generally not 
found in planes but rather in irregular areas within the crystal. Bands of microporous 
areas do exist but tend to be limited in extent (these features can be seen in many of 
the plates in Part 3). The cleavage faces themselves may also be used to counter 
this argument in that the distribution of micropores is not continuous but is irregular 
over their surface. 
While fresh cleavage fragments show up surface morphology very well, they 
do not allow back-scattered electron (BSE) images to be obtained. BSE images are 
useful in that they allow the location of defects, such as pores and cracks, to be 
noted and also allow atomic number contrast, and hence compositional variations, to 
be imaged. For studies of the distribution of the micropores in relation to features 
such as perthites and in studies of pore contents (see Part 3), polished electron 
microprobe slides provide the best medium for obtaining images. These also allow 
direct comparison between optical features, such as turbidity, with micropore 
distribution. 
It was decided therefore that secondary electron images (SEI) would be 
obtained using fresh cleavage fragments while BSE images would be obtained from 
polished electron microprobe slides. 
Method of Obtaining Critical Data 
In the characterisation of micropores two criteria are of prime importance: 
Micropore density, i.e. the microporosity of a feldspar. 
Micropore shape. 
Microporosity. 
A standard technique for determining porosity in sedimentary petrology is by 
point counting and it was decided that a point counting traverse using the SEM would 
and also a number of the pores appear to 'bell-out" below the surface of the crystal 
(see later plates).. Secondly it may be that the crystals break along planes unusually 
rich in micropores. Micropores appear from light microscopy to be generally not 
found in planes but rather in irregular areas within the crystal. Bands of microporous 
areas do exist but tend to be limited in extent (these features can be seen in many of 
the plates in Part 3). The cleavage faces themselves may also be used to counter 
this argument in that the distribution of micropores is not continuous but is irregular 
over their surface. 
While fresh cleavage fragments show up surface morphology very well, they 
do not allow back-scattered electron (BSE) images to be obtained. BSE images are 
useful in that they allow the location of defects, such as pores and cracks, to be 
noted and also allow atomic number contrast, and hence compositional variations, to 
be imaged. For studies of the distribution of the micropores in relation to features 
such as perthites and in studies of pore contents (see Part 3), polished electron 
microprobe slides provide the best medium for obtaining images. These also allow 
direct comparison between optical features, such as turbidity, with micropore 
distribution. 
It was decided therefore that secondary electron images (SEI) would be 
obtained using fresh cleavage fragments while BSE images would be obtained from 
polished electron microprobe slides. 
Method of Obtaining Critical Data 
In the characterisation of micropores two criteria are of prime importance: 
Micropore density, i.e. the microporosity of a feldspar. 
Micropore shape. 
Microporosity. 
A standard technique for determining porosity in sedimentary petrology is by 
point counting and it was decided that a point counting traverse using the SEM would 
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be used to determine the microporosity of the samples. In order to determine the 
optimum number of points required and whether magnification .affected the results, 
two magnifications were chosen (1 500x and 4100x) and the same sample counted in 
both. As in the sample preparation study the sample was number 43738 from the 
Klokken syenite. The point count was carried out twice at each magnification. This 
not only allows the optimum number of points to be determined but also allows the 
accuracy of the count to be estimated. It may also be thought that the point count 
might not give a representative result, I.e. it analyses too small an area. By carrying 
out the two repeat counts on separate days, the chances of locating the same area 
on a sample measuring ..4mm on either side are slim. If the two repeats are in 
agreement therefore then it can be assumed that the results are representative for 
the sample. The total area covered in the point counts was 61300tm2 . 
The results of this study are shown in figure 2.1. From this it can be seen that 
the results effectively come together at around 1000 points. Count 1 at 1500x shows 
a very high initial value due to the early part of the count being conducted in a very 
porous area. Even this count however had stabilised at around the same value as 
the other counts at 1000 points. The fact that this area was not encountered again 
indicates that the same areas were not counted in all the cases. 
For enhanced accuracy it was decided that 1500 points would be used at 
41 OOx to enable easier identification of the pores. This covers an area of ...460O0irn2 . 
In sedimentary studies 300 points is often taken as a statistically accurate sample. 
Errors' were calculated, using non-parametric statistical methods as outlined in 
Conover (1980, pg 100). 
It is interesting to note that the values obtained in the four point counts of 
sample 43738 average 4.5%. Although this is higher than the values found by 




Point count optimisation results. Solid symbols show the two counts done at 1500x, 
empty symbols those at 41 OOx. Of the four repeats only one (solid circles) shows any 

















Previous studies of this type have used either the longest dimension 
(Montgomery and Brace 1975; Dengler 1976; Guthrie and Veblen 1991) or the length 
to breadth ratio (Sprunt and Brace 1974). These methods will give information on the 
overall shape of the pores (le equant or long) but will not tell us anything about the 
intricate shape (ie circle or hexagon). It was decided to use a system which was 
similar to the standard sphericity and roundness classification from sedimentary 
petrology (Pettijohn et al 1973). In the system used here, sphericity and roundness 
are replaced with IRREGULARITY and ANGULARITY. These are shown on plate 2.4 
and are defined as follows: 
Irregularity. This is obtained by counting the total number of corners 
on any particular micropore. This measure gives us some idea of the 
complexity of the micropore's outline. If the pores were thought to be 
plucks they would be expected to display simple outlines rather than, 
for example, star-shaped outlines. This measurement replaces 
sphericity. 
Angularity. This is defined as the proportion of the total corners which 
are sharp in nature rather than rounded. This difference may be 
important in that pores which are controlled in their outline by 
cleavage directions or internal crystalline overgrowths would tend to 
have more angular corners than those which are not controlled in this 
way. This measurement replaces roundness and is essentially its 
inverse. 
The longest dimension and length to breadth ratio was also noted. For each 
sample 100 pores wett measured while still on the screen of the SEM. Any more than 
100 points would have taken an inordinate amount of time resulting in a limited 




Secondary electron image of sample BM16 (Blâ Mane So perthosite, Greenland). 
Surface of cleavage fragment annotated to show derivation of irregularity and 
angularity measurements. Irregularity is defined as the total number of corners on 
any pore. Angularity is the proportion of these corners which are sharp (black 
numbers, round corners are given in white). Pore A has 5 sharp corners and 11 
rounded corners giving it an irregularity of 16 and an angularity of 0.31. Pore B has 4 
sharp corners and 5 rounded corners giving it an irregularity of 9 and an angularity of 
0.44. 
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Secondary electron image of sample DHF-7B (Beinn Dearg Mhor granite, Isle of 
Skye, Scotland). Surface of cleavage fragment. Sample taken from weathered crust 
of sample which was in hand specimen brown in comparison to the green fresh rock. 
Secondary electron image of sample 43738 (laminated syenite, Klokken layered 
syenite, Greenland). Surface of cleavage fragment showing a weathered area. The 
surface of the sample has been coated with leathery" overgrowths characteristic of 
hydrothermal fluid I rock interaction. 
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Two samples were used to test the shape analysis, both from Klokken, one 
generally turbid (sample 43738) and one non-turbid (sample 140115). Each was 
analysed twice to ensure reproducibility. The results of the test are shown in figure 
2.2 and show that the shape analysis could indeed be repeated. 
In order to try and detect whether the pores on a weathered surface are 
different to those on a fresh surface two rocks were studied. The samples used were 
DHF-7B (Beinn Dearg Mhor granite, Isle of Skye, Scotland) and 43738 with samples 
being taken from obviously weathered surfaces. Plate 2.5a shows that weathered 
micropores in DHF-7B are more widespread and more obviously interconnected with 
much more complex outlines when compared with the pores away from the 
weathered zone. The outlines still however appear to be crystallographically 
controlled. Previous studies, although assuming that the crystals were free from 
pores originally, have noted significant etching leading to textures similar to this in 
grains subjected to weathering (Berner and Holdren 1979; lnskeep et al 1991) and 
dissolution during diagenesis (Aldahan and Morad 1987). Plate 2.5b shows an even 
more markedly weathered area. The area is covered in "feathery" overgrowths which 
are characteristically formed on alkali feldspars during diagenesis (Welton 1984; 
Rushton 1990). The role played by micropores in the weathenng of feldspars will be 
discussed in more detail in Part 6. 
These observations show that micropores from weathered samples would 
differ in their appearance from nonweathered micropores and the two could therefore 
be distinguished using the SEM. All the samples used in the remainder of the project 
were unweathered. 
Using the SEM to image the surface topographically also allows us to 
distinguish alkali feldspars from plagioclase feldspars. As shown in plate 2.6 twins 
can be detected in plagioclase crystals. These crystals and the micropores in them 




Shape analysis comparisons. Each graph shows the results of two analyses of the 
same type on one sample. Although some variation between the two repeats can be 
seen, both are essentially the same in all cases. This has been confirmed statistically 
(using Kendalls Tau Test - Conover 1980) to a 99.5% confidence level. It is 
interesting to note that variations between the samples are noticeably greater 
(particularly with respect to irregularity) than those between the repeat analyses of 
the same sample. 
Irregularity of sample 43738 
Angularity of sample 43738 
Irregularity of sample 140115 
Angularity of sample 140115 
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Secondary electron image of sample DHF-12A (Loch Cluanie granite, Scotland). 
Surface of plagioclase cleavage fragment. Albite twins can clearly be seen (E-W). 
The large pore on the right appears to be truncated by the twin plane. The truncation 
of pores in this manner was common in all plagioclase crystals observed. 
Secondary electron image of sample DHF-16B (Gask tonalite, Gask, N.E. 
Scotland). Surface of cleavage fragment showing very well developed albite twinning 
on two surfaces. Notice that on the right hand surface it is possible to see that the 
twins have cleaved in different manners with the dark twins sloping towards the 










Range of Rocks Collected and Studied 
In order to investigate the form and distribution of micropores in alkali 
feldspars, it was decided that a wide range of rock types from many localities should 
be looked at. These rocks came from two sources: 
A field trip was undertaken to collect samples from north-west 
Scotland, the Isle of Skye and the Aberdeen area. 
Samples were taken from the Edinburgh University Geology and 
Geophysics departmental collection and from collections of colleagues 
at Edinburgh. 
As a result granites, syenites, and gneiss of varying ages were available for 
study from localities as wide apart as Greenland, Norway, North America and the 
United Kingdom. The full range of rocks used in the study of porosity and shape is 
given in table 2.1 with localities shown on figure 2.3. During the course of the study 
programme other rocks were used which will be introduced at the appropriate time. 
Appendix 1 gives a complete list of all the rocks used along with key data about 
each. Throughout the programme the same sample numbering system was used. 
Each sample number consists of the prefix signify samples belonging to this 
study project, followed by a number for eh -locality and a letter for each sample 
collected at that locality. For example DHF-713, used above, has DHF which ties it to 
this project and 7B indicating that it is the second sample collected at locality 7. 
Those samples which have been collected by others and used in other studies are 
referred to by the number given in the earlier study (e.g. 43738). 
During the course of the project various types of information, such as the 
geochemistry, petrology and of course microporosity, for each sample was obtained 
and used to build up a better understanding of the history of the rocks. This 
information is brought together in Part 5 to try and explain the mode of formation of 
micropores in alkali feldspars. Information will be introduced, for the samples used in 
this part of the study and subsequently, at the relevant point in the text. 
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These diagrams (a, b, and c) show the location of the samples most important to this 
research programme. Other samples were used and their location is given in the text 
at the appropriate point. The numbers given are the locality numbers. Four sample 









Figure 2.3 (b) 
Samples from Greenland. 
BMS 	= Big Mane SØ perthosite 
Klokken = Klokken layered syenite 
PCS 	= Prins Cnstiansunci rapakivi granite 




2(b) Critical Data concerning Micropore Form and 
Distribution 
Micropore form and distribution were measured by obtaining the key data 
discussed above from a wide range of rocks. In the majority of examples all five data 
types were gathered (ie porosity, irregularity, angularity, length to breadth ratio and 
average pore length). In some cases however only some of the types were obtained. 
The full list of results is given in table 2.2. Plates 2.7 to 2.19 show and discuss briefly 
images of micropores obtained from each of the samples during this study. In most 
cases it proved impossible to orient the images crystallographically although in rare 
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•(a) Secondary electron image of sample DHF-1A (Land's End granite, Cornwall, 
England). (010) surface of cleavage fragment. Micropores show clean" outlines with 
only rare outgrowths from the pore walls. Other micropores appear to be controlled 
by the (001) cleavage (E - W). 
Secondary electron image of sample DHF-3A (Cruachan granite, Glen Etive, 
Scotland). Surface of cleavage fragment. Micropores appear randomly distributed 
with no obvious orientation. The group of pores in the centre show some evidence of 
outgrowths from the pore walls resulting in them being closed or "necked-down in 
places. Channels linking two micropores can also be seen. 
Secondary electron image of sample DHF-4A (Ben Nevis granite, Scotland). 
Surface of cleavage fragment. In this image the micropores display very low 
angularity with crystallographic control apparently limited. The micropores appear 
















Secondary electron image of sample DHF-5A (pegmatite dyke in gneiss from 
Kinlocheil, Scotland). Surface of cleavage fragment. Very large micropore in the 
centre is full of what appear to be kaolinite books. This suggests that fluid has 
passed through the pore and deposited the clays. It may also be that the large size of 
the micropore is the result of fluid dissolution of the original pore leading to an 
increase in its size. Several smaller, empty micropores can be seen surrounding the 
central micropore. 
Secondary electron image of different area of same sample. Although most of the 
micropores appear empty some, noticeably the pore at the top of the image 
containing the large clay flake, do have clay contents. Many of the micropores 
appear to be crystallographically controlled in outline and a cleavage surface 
(possibly (001) and (100) interacting) has caused the zig-zag nature of the breaks on 
the surface. Several of the micropores have outgrowths from their walls leading to 
highly irregular outline (note the "hourglass" shaped micropore towards the top left). 
Secondary electron image of sample DHF-5B (another sample from the same 
pegmatite). Surface of cleavage fragment. An array of micropores whose outlines 
have been radically altered by outgrowths, some of which display the Adulatia habit. 
The pores at the bottom, although displaying outgrowths are not as complex in 
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Plate 2.9 
Secondary electron images of sample DHF-5F (felsic band of a gneiss from 
Kinlocheil, Scotland). Surfaces of cleavage fragments. 
Crystal appears to be made up of numerous subgrains with the micropores 
representing spaces between them. Notice that both the subgrains and the 
micropores appear to be schistose i.e. they are elongated E - W. 
Another area of the same crystal. Subgrains are still apparent at the left and right 
of the image although not in the centre. All micropores still appear schistose. Two 
crystallographic directions can be seen; one roughly E - W, parallel with the direction 
of elongation in the micropores and subgrains and a second NE - SW at an angle of 
-116' to the first suggesting the (001) and (100) surfaces. 
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Secondary electron image of sample DHF-6A (Loch Ainort granite, Isle of Skye, 
Scotland). Surface of cleavage fragment. Although hazy this image shows a range of 
micropores most of which have outgrowths which narrow the pore openings and 
produce complex outlines. In some places channels linking pores can be seen. 
Secondary electron image of sample DHF-7B (Beinn Dearg Mhor granite, Isle of 
Skye, Scotland). Surface of cleavage fragment. Very microporous area of crystal with 
generally equant micropores in no obvious orientation. Pore wall outgrowths, 
although rare, can also be seen. 
Secondary electron image of sample DHF-12A (Loch Cluanie granite, Scotland). 
Surface of cleavage fragment. Micropores appear generally fairly angular and 
outgrowths, although rare, are in places very obvious: notice the peninsula on the 
large pore in the centre. Due to the clarity of the image some very small micropores 

















Secondary electron image of sample DHF-14A (Sundayswells tonalite, Torphin, 
NE Scotland). Surface of cleavage fragment. This image shows two trails of 
micropores meeting. A train of small micropores (top left to bottom right) is 
intersected by another trail of larger micropores (running left to right). 
Secondary electron image of sample DHF-1 5A (Tillyfoune granodiorite, Correnie, 
NE Scotland). Surface of cleavage fragment. Image showing a highly microporous 
area in which the pores range from .4tm across down to very small pores less than 
ijim. Note also the presence of clay leaves in some of the larger pores (noticeably at 
the top left). 
Secondary electron image of sample DHF-15C (Correnie granite, Correnie, NE 
Scotland). Surface of cleavage fragment. Junction between porous (left) and pristine 
(right) areas of a crystal. Notice that the porous area displays a much more rubbly 
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(a) Secondary electron image of sample DHF-16A (Skene granite, Gask, NE 
Scotland). Surface of cleavage fragment. Area of crystal which is covered fairly 
evenly by small micropores which display a wide range of sizes. 
Secondary electron images of sample DHF-1 6B (Gask tonalite, Gask, NE Scotland). 
Surfaces of cleavage fragments. Area of "ice rink" (b) is contrasted with an area of 
micropores (c). Several of the micropores are elongate and appear to be oriented up 
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Secondary electron image of sample DHF-17A (Hill of Fare granite, Sunhoney, 
NE Scotland). Surface of cleavage fragment. Area of large micropores. Outgrowths 
from the micropore walls appear common causing highly complex pore outlines 
(particularly centre left). 
Secondary electron image of sample DHF-19A (Ballater granite, NE Scotland). 
Surface of cleavage fragment. Very microporous area of crystal. Evidence for the 
intersection of two cleavages can be seen in the zig-zag breaks on the surface 
suggesting we are looking onto the (010) surface and seeing the interaction of the 
(001) and (100) cleavages. 
(C) Secondary electron image of sample DHF-22A (Peterhead granite, Whinnyfold, 
NE Scotland). Surface of cleavage fragment. Micropores appear to be in a sub-
parallel orientation from lower right to upper left. Note the obvious bridges in the 
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Secondary electron image of sample DHF-26A (Kinsteane granite, Naim, 
Scotland). Surface of cleavage fragment. Large micropores which appear to have an 
outgrowth from the left side (lower left of centre) and several smaller micropores. 
Secondary electron image of sample DHF-27A (perthitic feldspar, Perth, Ontario, 
Canada). Surface of cleavage fragment. This sample is unusual in that it appears to 
be fairly free of micropores but is instead full of biotite flakes which can clearly be 
seen here as the white flakes on the grain surface. 
Secondary electron image of sample DHF-32A (Cheeswnng granite, Bodmin, 
England). Surface of cleavage fragment. A highly microporous region of crystal in 
















Secondary electron image of sample DHF-33A (Shap granite, NW England). 
(010) surface of cleavage fragment. Elongate pores which appear to be oriented up 
and down the image. Outgrowths can be seen on the walls of several micropores. 
Secondary electron image of sample DHF-36A (pegmatite feldspar from 
Langesund Fjord, Norway). Surface of cleavage fragment. This sample has very low 
microporosity with "ice-rink" surfaces normally. Micropores are concentrated in small 
areas as shown here. 
(C) Secondary electron image of sample DHF-42A (rapakivi granite, Wiborg massif, 
Finland). Surface of cleavage fragment. Like (b) above this sample has very low 
microporosities. Micropores are rare and tend to be small as shown here. Notice the 
outgrowth on the uppermost micropore which has closed down one end of the pore 
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Plate 2.16 
Secondary electron images of samples from the BIá Mane Sø perthosite 
(Greenland). Surfaces of cleavage fragments. Sample BM1 9 (a) shows here a very 
microporous area with very irregular micropores containing numerous outgrowths 
and with somewhat rounded outlines. Sample BM9 (b) has been imaged on the (001) 
surface and shows much more angular and regular micropores. In this case the form 
of the micropores appears to be controlled by the interaction of the (110) and (110) 
surfaces. The large micropore in the centre contains feldspar material which appears 
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Plate 2.17 
Secondary electron images of sample R1 -11 A from the Prins Cnstians Sund rapakivi 
granite, South Greenland. Surfaces of cleavage fragments. This sample yielded the 
lowest microporosities of the study and had only rare micropores (a). These tended 
to be found as isolated micropores in a generally pristine "ice-rink" surface (b). The 
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Plate 2.18 
Secondary electron images of sample 43738, a laminated syenite from the Klokken 
layered syenite, South Greenland, the sample which displayed the highest 
microporosities of all the rocks surveyed. (a) and (c) show images of an (010) 
surface with the trace of the (100) cleavage running E - W and seemingly controlling 
the outlines of the micropores. (b) is in an unknown orientation. All the images are 
representative of very highly microporous crystals in which the pores show complex 
outlines with outgrowths from the pore walls and necking-down (particularly in (b)) of 
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Plate 2.19 
Secondary electron images of surfaces of cleavage fragments from sample 140115, 
a granular syenite from Klokken. This sample had a low overall microporosity. (a) 
shows a train of micropores in a pristine area in which outgrowths and necking-down 
can clearly be seen. (b) shows a more general view of the crystal with rare 
micropores (towards the left side). On the right side is an area which images a 
cleaved braid cryptoperthite viewed from near (001). The braided pattern of the 
perthite has lead to the surface texture shown. These textures are better seen in 
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Microporosity 
The results gained confirm earlier suspicions that micropores are a common 
feature in alkali feldspars with porosity values ranging from 0.4% in black, optically 
pristine feldspars up to 4.6% in turbid feldspars. Figure 2.4 illustrates the range of 
microporosities found. 
It can be seen from figure 2.4 that ordinary pink or white alkali feldspars have 
an intragranular microporosity averaging around 1.5%, a significant proportion of the 
crystal. Those samples with the lowest porosity are the black feldspars from samples 
DHF-42A and R1 -11 A (both rapakivi granites). These rocks consist of an anhydrous 
mineral assemblage (Harrison et al 1990) and appear to have undergone little or no 
fluid interaction (Finch et al 1990; Harrison et al 1990). Some rocks within the 131-
11 A suite can be shown to have experienced localised fluid interaction. These rocks 
may be distinguished from the above in that they are white in colour and have a 
wholly hydrous mafic silicate assemblage (Harrison et al 1990). 
An interesting case study was carried out using a sample traverse across an 
entire pluton. The pluton chosen for this study was the Blá Mane So perthosite 
(South Greenland). This pluton was chosen as it has been unaffected by later 
igneous or tectonic activity and has a highly uniform mineralogy (Finch 1990). The 
alkali feldspars in the rock are generally turbid patch perthites though some areas of 
pristine feldspar have survived (see Part 3). The sample traverse across the pluton 
available at Edinburgh was collected for and described in Finch (1990). 
Figure 2.5 shows the porosity values with errors obtained from this study. 
What can be seen is that excluding samples 10, 13 and 20, the remaining samples 
give, within errors, essentially the same value of microporosity (...3.2%). No 
explanation can be given as to the variation of samples 10 and 13. A pegmatite dyke 
is emplaced between samples 10 and 11 but no such feature occurs near sample 13. 
Sample 20 is from the very edge of the pluton and may therefore be affected by 
external processes. It appears therefore that like the mineralogy, the microporosity 
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Microporosity of sample alkali feldspars. Average microporosity for all the samples is 
1.45%. 
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Blâ Mane So microporosity. Sample porosity represented by tick on the lines. The 
lines represent the statistical error. Average microporosity of this data is 2.51% and 
is used in figure 2.4 and table 2.2. 
BI AO Mane SØ Porosity Values 
U 
F F 	F F F FF F F 	F 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Sample Number 
Micropores can therefore be seen to be a very common feature in 
unweathered alkali feldspars. This fact, along with the relatively high porosities 
found, leads to the rejection of the idea of feldspar crystals being solid items. We 
must now consider them to be significantly porous, a condition which will have 
profound effects on both their chemical and physical behaviour (see Parts 4 and 6). 
Shape Analysis of Micropores 
The irregularity and angularity measurements are shown on figures 2.6 
and 2.7. 	 (-- 
---- 
The mean irregularity value of The samples studied is around 7.2. This 
suggests a pore with arounq /')aces. None of the pores studied had very simple 
pores resembling plucks or bubbles. Common pore forms are shown in figure 2.8. 
One sample, DHF-1 7A, has a very large irregularity of 10.99 which may suggest that 
the sample may have been weathered slightly which, as shown earlier, tends to 
make the existing pores more complex. 
The angularity of the samples had a mean value of 0.49. That is, nearly half 
the corners of the pores were angular suggesting some crystallographic control on 
their development. This may be due to controls within the host crystal, such as 
cleavage, or may be due to growth of new feldspar within the pores (see TEM 
images in Part 3). In some cases it can be seen (plates 2.3, 2.9 and 2.17) that the 
pores are controlled by the interaction of the (100) and (001) surfaces which intersect 
at an angle, when viewed on the (010) surface, of -120% Cleavage surfaces which 
show two pronounced crystallographic surfaces at this angle can therefore be 
tentatively identified as being upon the (010) surface. In some cases (plates 2.8, 2.17 
and 2.18) micropores appear to have new feldspar lining the pore with the Adulana 
habit ie (110) and (1 TO), when viewed down Z. Some pores are connected by narrow 
zig-zag channels (plate 2.17 and 2.18) which may represent necking down of larger 
pores by the overgrowths. If fluid interacts with a curved pore it will start to dissolve. 
high surface energy (curved) faces and reprecipitate them as crystal faces with small 
Miller indices and hence lower surface energy (Roedder 1984). This may be the 








Plot of irregularity in 24 samples. The 
distribution with an average value of 7.2. 
data appears to display a near normal 
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Figure 2.7 
Plot of angularity in 24 samples. Average angularity is 0.49 although this data is not 
as evenly distributed as the irregularity data (fig 2.6). 
ANGULARITY 
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Figure 2.8 
Although wholly angular equant pores do occur (a) they are rare. More usually some 
of the edges or corners are rounded and the pores tend to be more elongate (b - e). 
Wholly rounded micropores are rare also (I). Most micropores may display evidence 
of a possible feldspar overgrowth (see Part 3) resulting in necking down of a single 
larger pore (h) or simply small rounded (i) or angular (j) outgrowths from the pore 
wall. It is interesting to note that the most common pore form encountered is that 
shown in (k) with two angular sides and with a possible rounded growth. Triangular 
pores could also however represent spaces between subgrains (see Part 3). It is 
easy to imagine how (I) could represent the point of contact for three rounded grains. 
Pore (g) may represent a combination of subgrain edges and overgrowths. The 
interaction of both these effects may therefore lead to highly complex pore outlines 
(m - o) although more simple outlines are more common. 
a 'Ob' 	 d 
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Figure 2.9 
Length to breadth ratios of 22 samples. These data are far more restricted in their 
distribution than any of the other characteristics measured in this Part, only one is 
very much outside the concentration of data. This is from the gneiss (DHF-5F) which 
has noticeably elongate micropores (see text). The average value is 2.6. 
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Average longest micropore dimension from 22 samples. This data is more nearly 
normally distributed than the length : breadth ratio and has an average ofO.5pm. As 
noted in figure 2.9 sample DHF-5F is the only sample very different to the other 
samples. 
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Figures 2.9 and 2.10 show that the samples studied had micropores with an 
average length to breadth ratio of 2.6 and an average pore length of around 0.5jtm. 
In the case of the pre-Cambrian gneiss, DHF-5F, the pores are "schistose i.e. long 
and of narrow aspect (plate 2.9). This suggests either that the micropores were 
already present prior to the deformation of the rock and were deformed along with it 
or have exploited weaknesses in the foliated rock. 
These micropores are much smaller than those in plagioclase studied by 
Sprunt and Brace (1974) and Montgomery and Brace (1975). Although they also 
found micropores of less than 1 Itm, they concentrated on those pores greater than 
1J.Lm. This may be a result of both these studies using the atom mill method of 
sample preparation which, as we discussed earlier, tends to remove small pores. 
Dengler (1976), who did not use the atom mill, found pores varying from <1 to 3itm. 
Examination of Face Dependency 
In order to examine whether the crystallographic plane upon which a 
micropore was observed affected its shape, a large phenocryst from sample DHF -
33A (Shap granite, England) was prepared as a cleavage sample and two of its 
crystallographic cleavage surfaces identified. These then had the standard porosity 
count and shape analysis carded out upon them. The results of this are given below. 
Pores from this sample are shown on plate 2.15. 














From this it can be seen that the L:B ratio and mean length differ significantly 
on the two faces. The pores observed on the (010) surface displayed a higher ratio 
and greater length than those on the (001) surface. In most of the other samples the 
crystals were too small to determine definitely which surface was being observed. 
This observation shows that the crystal surface studied will not have a• major effect 
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on the comparison of micropores from one sample with those from another. In the 
case of the length to breadth ratio only one sample, the gneiss, showed a large 
variation from what is a fairty tight grouping of measured values (fig.2.8). The reason 
for this has already been explained. 
Quartz Undersaturated Rocks 
For comparative purposes two quartz undersaturated rocks were imaged on 
the SEM to determine whether micropores were present in these types of rock as 
well as the more common quartz saturated rocks. The rocks used were samples 
DHF-45A, a naujaite from the llimaussaq intrusion and DHF-45B, a foyalte from the 
Grønnedal-lka complex. Both bodies are In the Gardar province of Southern 
Greenland. The Images obtained are shown in plate 2.20. 
From these images It can be seen that micropores are found in alkali 
feldspars from quartz undersaturated rocks. It is interesting to note however, that the 
micropores in the naujaite are larger and more equant than the micropores found in 
the quartz saturated rocks. The reasons for this difference are unclear and lie outwith 
the scope of the present study although they may be related to the extremely alkaline 
fluids present in the pluton during its cooling history. (Finch 1990). 
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Plate 2.20 
Secondary electron image of sample DHF-45A, naujaite from llimaussaq, 
Greenland. Micropores in this sample differ from those in the quartz saturated rocks 
)J3j  in that they are much larger. Some of the micropores shown here, notably those in the lower centre, have similar outlines to those found earlier in the quartz saturated 
rocks but many are very much more rounded in outline (Upper tight). 
Secondary electron image of sample DHF-4513, foyaite from the Gronnedal-Ika 
complex, Greenland. Micropores in the alkali feldspars from this rock generally 
appear to be of the same size and shape as those from the quartz saturated rocks. 
The micropore shown here has a complex outline which appears to be formed by an 
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2(c) Three Dimensional Shape of Micropores 
Although it has been shown that an Atom mill destroys small pores and 
masks the exact shape of their outline, it does have the advantage of being able to 
remove very thin layers of material. It was decided therefore to use this apparatus to 
try and serially section a micropore. 
A cleavage fragment was chosen from sample 43738 and an SEM image of 
an area of micropores obtained. The sample was then subjected to atom-milling 
(using an Ion Tech Atom Mill) for 15 minutes before another image was obtained. 
This process was repeated eight times. An example of the changes observed is 
shown in plate 2.21. The outlines of the micropores were then digitised using a 
digitising tablet in conjunction with the Autocad 4" computer package, stacked at a 
best estimate of their vertical height and printed out. A surface was then drawn by 
hand over the stacked pore outlines. The results of this exercise is shown in figure 
2.11. 
From this we can see that the pores do vary in the third dimension with pores 
bifurcating and fusing as the sample surface was removed. Different pores also 
persist to different depths. This study suggests that micropores are continuous in 
three dimensions and may indicate that at least some are connected in a permeable 




Three dimensional representation of micropores. It is interesting to note that some 0.5 pm (horizontal scale) pores which appeared quite close at the surface, and might have been expected to 
join up, in fact stayed separate. Horizontal scale is given as derived from the SEM Figure 2.11 images. Vertical scale is difficult to estimate. Normal thinning rates (on polished 
samples) suggest a rate of about 3rm per hour. By studying the images this can be 
seen to be far toohigh a value for this sample. This is probably due to the irregular 
surface of the sample shielding the area under study from the ion beam for much of 
the time. The atom guns also take time to stabilise and would not have stabilised 
after such a short period of time. From a study of the images it would seem likely that 
this diagram Involves a vertical exaggeration of around 2.5 times. 
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Plate 2.21 
The same area of crystal before (a) and after (b) 30 minutes atom milling. Notice that 
the large micropore (A) has bottomed out in (b) while Bi and B2 are now linked, 
micropore C has been reduced in size and micropores Dl and D2 have appeared. 
Thinning was carried out for a total of 2 hours per sample with images taken at 8 
intervals before digitisation and the creation of figure 2.11. 
Plate 2.21 
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Micropores in alkali feldspars have been shown to be a ubiquitoUs feature of 
the mineral (Part 2). This Part of the thesis will expand upon the information obtaineTd 
in Part 2 and will look at the relationship of micropores to textures in the host crystal 
and host rock. The techniques used to study these relationships also allowed a study 
to be made of the pore contents. 
The observations made In this part concerning micropore formation will be 
discussed further and expanded upon in Part 5 "Mode of micropore formation". 
3(a) Micropore Habitat Within Host Crystal 
Along with studying the form and ubiquity of micropores it Is Important to 
study how the micropores are distributed through the feldspar and how they are 
related to other microtextures within the host crystal, in particular perthites. It is also 
necessary to demonstrate the link between optical turbidity and microporosity. 
In Part 2 it was noted that Back Scattered Electron (BSE) imaging using the 
SEM allows atomic number contrast within the sample to be observed. It also, by 
virtue of using polished slides, allows correlation between those features seen using 
light microscopes and the SEM. BSE images were therefore used to study the links 
between turbidity, microporosity and microtextures. 
Once this information was obtained TEM was used to image particular 
features seen on the SEM in greater detail. Cathodoluminescence (CL), in an optical 
microscope, was also carried out as a case study to try and investigate the effects of 
fluid interaction with the rock further. 
67 
Back Scattered Electron Imaging 
Normal polished thin sections were used in this study. BSE images of feldspars were 
obtained. Photomicrographs were also obtained using an optical microscope and 
compared with BSE images of the same areas. Both types of image are shown in 
plates 3.1 to 3.19. In the following discussion plate numbers are given for images 
which display a particular feature well. Other images may however also display it(see 
plate captions). Rocks used in this part of the study are listed in table 3.1. 
From these plates it can be seen that the difference between deuteric 
perthites and strain controlled perthites, with respect to micropores, is very striking. 
Micropores are almost completely absent from strain controlled perthites while patch 
perthites contain large numbers (eg plates 3.1 and 3.2). The change between the two 
areas Is commonly very abrupt although In some the two merge (plate 3.3). It is 
noticeable also that remnants of strain controlled feldspar occur which are completely 
surrounded by patch perthite (plates 3.1 and 3.4) 
It Is also obvious from these images that micropores are not restricted to 
crystal edges. Large concentrations of micropores can be found within the crystal 
body (plates 3.1 and 3.5). Although apparently massive concentrations do occur 
(plate 3.6) more common are elongate bands of micropores In coarsened perthite 
(plates 3.7, 3.8 and 3.9). This distribution is often masked by the 3 dimensional 
nature of optical images (plate 3.10) but can be clearly seen on the BSE images. It 
should also be noted here that these areas are different to areas which appear to be 
healed microcracks (plates 3.11 and 3.12). It appears that some microcracks, 
subsequently healed to form lines of micropores, formed prior to, and therefore at 
temperatures above, perthite coarsening. They pass through pristine areas and do 
not disrupt the regular texture of the perthite (plate 3.13). Burgess et al (in press) 
have found that the fluids held within these Thigh temperature* micropores from the 
Klokken pluton have a trapping temperature of at least 750C and a 40M/CI ratio 
similar to that of the upper mantle. This is consistent with the fact that the strain-
controlled intergrowths cannot have undergone any alteration at the lower 
temperatures proposed for the formation of the coarsened perthites (<450VC). The 
40Ar/CI ratio which they found in the fluids of low temperature micropores was lower 
than the fluids from the high temperature micropores. This they suggest is due to 
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Table 3.1 
Samples Used in BSE and TEM Studies 
Rock Number Name Locality BSE TEM 
DHF-3A Cmachan granite Glen Etive, Scotland Y Y 
DHF-5A pegmatite Kinlocheil, Scotland Y 
DHF-6A Loch Ainort granite Moll, Skye, Scotland Y Y 
DHF-1OA Torridonian arkose Heasta, Skye, Scotland Y 
DHF-15A Tillyfourie granodiorite Correme, Scotland Y 
DHF-16A Skene granite Gask, Scotland Y Y 
DHF-17A Hill of Fare granite Hill of Fare, Scotland Y Y 
DHF-22A Peterhead granite Whinnyfold, Scotland Y Y 
DHF-26A Kinstearie granite Elgin, Scotland Y Y 
DHF-33A Shap granite Shap, England Y 
43738 laminated syenite Klokken, Greenland Y Y 
K89-6 granular syenite Klokken, Greenland Y 
BM-x B1& Mine Sø perthosite Blâ Mane SØ, Greenland Y 
88-42 granulite Antarctica Y 
B13123b silicate lava flow Oldoinyo Lengai, Tanzania Y 
14321 lunar breccia Frau Mauro, Moon Y 
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Plate 3.1 
Back-scattered electron image of sample 43738, laminated syenite, Klokken, 
Greenland showing the contact between braid perthite (top) and patch perthite 
(bottom). Notice that there are almost no micropores in the braid perthites except 
along what appear to be healed microcracks. Micropores are much more abundant in 
the patch perthites. Notice also the surviving areas of braid within the patch perthite.. 
A crystal boundary runs SW-NE across the lower right corner of the image and it can 
be seen that deute,ic coarsening has taken place along this surface. Or phase - light 










Back-scattered electron images of sample DHF-16A, Skene granite, Gash, Scotland. 
Key as for plate 3.1. 
Top half of the image is occupied by a fine regular film perthite in which there are 
essentially no pores. This contrasts with the lower half where the perthite has 
coarsened to an irregular patch or vein perthite with numerous micropores. Cracks 
across the sample are low temperature features (possibly formed during thin section 
making) as they do not affect either of the perthites. 
Image of a microporous region in which the porosity appears only to be found in a 
branching pattern which may be related to healed microcracks. The perthite has 
coarsened from the fine film perthite (top right) to a more irregular form (lower left) 
which is dominantly the Or-phase with only minor amounts of the Ab-phase. Some 
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Back-scattered electron image of sample BM-x, perthosite, BIâ Mane Sø, 
Greenland. This image shows braid perthite (upper, centre right) coarsening to vein 
perthite which surrounds it. The coarsening occurs by lamellae in the braid perthite 
gradually merging to form the coarse vein perthite with the general orientation of the 
veins remaining the same as in the braid areas. As before the coarsened areas 
contain numerous micropores and the braid areas are pore free. Key as for plate 
3.1. 
Back-scattered electron image of sample DHF-26A, Kinstearie granite, Nairn, 
Scotland. A branching zone of patch perthite (centre right) disrupting a film perthite. 
The areas of micropores appear in a branching, dendntic pattern in which the Ab-
phase is restricted to small blebs. The boundary between the two perthites is very 











Back-scattered electron image of sample DHF-3A, Cruachan granite, Glen Etive, 
Scotland. A remnant of fine, regular, film perthite can be seen on the centre left of the 
image. The remainder of the plate shows microporous, irregular vein perthites which 
retain however, the same general orientation as the film perthite. It is interesting to 
note that although the Or-phase in the coarsened perthite contains numerous 
micropores, there are areas which appear to be micropore free. It is obvious that the 
Ab-phase is very microporous and the micropores are markedly larger than in the Or-
phase. Key as for plate 3.1. 
Optical micrograph (ppl) of sample 43738, laminated syenite, Klokken, 
Greenland. Much of this image is occupied by a patch perthite which is very turbid. A 
small remnant of film perthite remains next to the crack on the lower left of the image. 
Plate 3.4 
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Plate 3.5 
Back-scattered electron image of sample DHF-16A Skene granite, Gask, 
Scotland. Notice the area of regular film perthite in the centre which is surrounded by 
microporous areas of vein perthite. The large black areas are quartz grains (top right, 
bottom left) and a plagioclase (bottom right) and it is interesting to note that the 
micropores are not restricted to the grain boundaries but are irregularly distributed. 
Key as for plate 3.1. 
Optical micrograph (xpl) of the same area. It is very clear from this image that the 
turbidity is caused by the microporous areas with the areas of the non-porous film 
perthite remaining pristine and non-turbid. It can also be seen that the film perthites 
are much easier to see in the BSE images as are the individual phases in the 
coarsened perthite. 
Plate 3.5 
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Back-scattered electron image of sample DHF-6A, Loch Ainort granite, Skye, 
Scotland. A diamond shaped quartz grain included by an alkali feldspar. Coarsened 
patch perthites are found surrounding this grain with apparently homogeneous areas 
of alkali feldspar being found at irregular distances from the quartz. Key as for plate 
3.1. 
Optical micrograph (ppl) of the same area, it is apparent from this that the 
turbidity is restricted to the areas of patch perthite as noted in plate 3.5. 
Optical micrograph (ppl) of sample 140025, laminated syenite, Klokken, 
Greenland. In this image the turbidity (left) is found not as a vein perthite but as a 
pervasive mass which does not appear to be controlled by cracks or the crystal edge 
(bottom of image). A small amount of turbidity does extend along lines of microcracks 

























Back-scattered electron image of sample DHF-1 7A, Hill of Fare granite, Scotland. 
A fine non-porous film perthite can be seen to coarsen to a vein perthite. These veins 
maintain the general orientation of the lamellae in the film perthite and contain 
numerous micropores. The vein nature of the perthite can easily be seen in this 
image. Key as for plate 3.1. 
Optical micrograph (ppl) of the same sample. The area imaged in (a) above is 
shown outlined in black. The vein-like nature of the turbid perthites is very apparent 
in this image with all the turbid areas being found in the same general orientation. 
Back-scattered electron image of sample DHF-3A, Cruachan granite, Glen Etive, 
Scotland. In this image non-porous areas of pristine film perthite can be seen within 
porous areas of irregular vein perthites. Both types of perthite maintain the same 
general orientation. Key as for plate 3.1. 
Plate 3.7 
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Plate 3.8 
Back-scattered electron image of sample DHF-20A, Peterhead granite, 
Whinnyfold, Scotland. No pristine areas remain in this image. Only vein perthites of 
differing degrees of irregularity may be seen. Some veins (particularly towards the 
bottom left) appear to have coarsened only slightly from a film perthite whereas those 
on the right have coarsened much mare extensively. Micropores are abundant 
throughout the image. Key as for plate 3.1. X marks the same point on both (a) and 
(b). 
Optical micrograph (xpl) of the same sample. Uke the BSE image, only vein 
perthites can be seen with the pervasive nature of the turbidity very apparent. It is 
more obvious in this image that the grain boundary (left to right across the centre) 
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Plate 3.9 
Back-scattered electron image of sample DHF-26A, Kinsteane granite, Naim, 
Scotland. This image shows an area of film perthite (centre) in an alkali feldspar 
surrounded by numerous veins of microporous material. Also shown in black are a 
quartz grain (bulbous area in top left) and included subhedral plagioclase crystals 
(remaining black areas). Key for perthites as for plate 3.1. 
Optical micrograph (ppl) of same area. The veinhike nature of the turbid areas is 
obvious also in this image and the included plagioclase crystals can be seen to be 
zoned. Area between the black triangles is shown enlarged in (c). 
Optical micrograph (ppl), close up of (b) 
Plate 3.9 
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Back-scattered electron image of sample DHF-16A, Skene granite, Gask, 
Scotland. Edge of an alkali feldspar grain which can be seen to contain a region of 
pristine, nonporous film perthite (centre) and a region of microporous, irregular vein 
perthite (right and bottom). Notice that the microporous areas are not restricted to the 
grain boundary between the feldspar and the quartz grain (black). Key for the 
perthites as for plate 3.1. 
Optical micrograph (ppl) of same area. The boundaries between pristine and 
turbid areas --tmuch more diffuse and features within the crystal not seen in the BSE 
image can be seen. The two images are difficult to compare as the 3d nature of the 
optical image leads to a blumng of the boundaries of the turbid and pristine areas 
and the quartz. The light coloured crack in (a) running N-S up the centre of the image 
















Back-scattered electron image of sample DHF-3A, Cruachan granite, Glen Etive, 
Scotland. Generally pristine area of regular film perthite. Some areas of microporous 
vein perthite do occur, notably running N-S up the centre of the image. Notice that 
the microcrack is associated with very many micropores. The square and triangle are 
shown in the same relative positions on (b). Key as for plate 3.1. 
Optical micrograph (ppl) of same area. Square and triangle as in (a). It is 
apparent that the turbid area running N-S is very much more diffuse than would 
seem apparent from (a) and also the film perthites cannot be seen. As in the BSE 
image, the healed microcrack (left to right) is the most turbid area but is less well 
defined due to the 3d nature of the image. 
Optical micrograph (xpl) of sample DHF-1 7A, Hill of Fare granite, Scotland. An 
area of coarse film perthite (slightly turbid) has been crossed by two microcracks 
(running E-W) with associated turbidity. An area of very turbid patch perthite is also 






















Back-scattered electron image of sample DHF-33A, Shap granite, England. Pristine 
film perthites have been coarsened to microporous vein perthites running NW-SE. 
The distribution of the two is however very irregular. Coarsening appears to be 
concentrated along healed microcracks (SW-NE) along which no film perthite has 
survived. Key as for plate 3.1. 
Plate 3.13 
Back-scattered electron image of sample K89-6, granular syenite, Klokken, 
Greenland. An area of pristine braid perthite and an area of coarsened, microporous 
patch perthite. Within the braid perthite is a line of micropores (lower left) which 
appear to represent a healed microcrack. This microcrack must have formed before, 
and therefore at higher temperatures, than the development of the perthite as the 
braid perthite through which it cuts are not coarsened and are continuous across it. 
Key as for plate 3.1. 
Plate 3.14 
Back-scattered electron image of sample DHF-20A,, Peterhead granite, Whinnyfold, 
Scotland. Very microporous area. The image is crossed by perthites which may be 
described as fine vein perthites. Although similar in morphology to film perthites they 
do not have even, regular margins. More obvious vein perthites are shown on the 
tight of the image. Key as for plate 3.1. 
Plate 
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Back-scattered electron image of sample 88-42, granulite, Antarctica. This Image 
shows a very coarse vein perthite which is however, nonporous and regular. The 
extreme pressure and temperature conditions to which the rock has been subjected 
and its anhydrous history have allowed development and preservation of the regular 
textures. Notice the development of film perthite within the larger lamellae. Key as for 
plate 3.1. 
Plate 3.16 
Back-scattered electron image of sample BD1 23b, orthoclase phenocryst from a 
silicate lava, Oldoinyo Lengal, Tanzania. The beautiful concentric zoning of the 
sample can be seen from this image. The crystal appears to have two halfs which in 
the centre display different zoning patterns while the outermost zones are continuous 
around both. 
Close up of (a). It can be seen from this image that no perthites have been 
developed. A number of pores are visible but these appear to be rounded bubbles, 
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Back-scattered electron image of sample BM-x, perthosite, Blã Mane So, Greenland. 
An area of mixed film perthite and patch perthite. All the perthite phases are 
essentially in the same orientation. The exception is the area of patch perthite on the 
right of the image. The margin of the feldspar in contact with the mafic grain (very 
Fight grey) is a pleated margin which can be seen to represent coarsening of the 
braid perthite. Key for the perthites as for plate 3.1. 
Plate 3.18 
Back-scattered electron Image of an alkali feldspar clast in sample DHF-10A, 
Torndonian arkose, Heasta, Skye, Scotland. The clast is composed of a patch 
perthite in which phases are spotted by white inclusions in addition to the 
micropores. It is thought that the white spots represent micropores which have been 
filled in by a secondary phase, probably during diagenesis. Key for the perthites as 
for plate 3.1. 
Plate 3.19 
Back-scattered electron image of sample 14321 (NASA ref 14321-1613), lunar 
breccia from the Frau Mauro region of the Moon. Three areas of alkali feldspar 
(continuous grey 1, 2 & 3) can be seen within the fine grained, polymict matrix. No 
perthites can be seen and the crystals are very pristine with no development of 
micropores, even along obvious microcracks. 0 indicates a quartz clast and the 
black areas represent the mounting glue. 
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fractionation during boiling of the original fluid. Any meteoric influence was small (see 
oxygen isotope study in section 4(c)). 
Although most strikingly displayed in the braid cryptoperthites (plate 3.1 and 
3.13), strain controlled perthites may also take the form of very regular film 
microperthites (Andersen 1928; Smith and Brown 1988: - plate 3.14). In some cases 
these appear to have coarsened, in some cases only very slightly, to form vein 
perthites (Andersen 1928; Eyal and Shimshilashvili 1988). This coarsening is also 
accompanied by micropore development (plate 3.15). The coarsened veins 
essentially retain the original strain controlled orientation. The maintaining of the 
overall orientation of the perthite phases is also shown in plate 3.17. This shows the 
pleated margin of an alkali feldspar changing gradually to a deuteric perthite, which is 
In the same general orientation, into the crystal. Regular microperthites are perhaps 
best shown In plate 3.16a, an Antarctic granulite. This rock has been anhydrous 
throughout its history (Harley 1987) and the perthites have not been coarsened. 
Several other interesting observations were made on non-plutonic rocks. A 
number of orthoclase phenocrysts from a silicate lava flow of Oldoinyo Lengai, 
Tanzania (Donaldson et al 1987) displaying very strong concentric zoning were also 
imaged and are shown on plate 3.16b. Although some rounded bubbles are present, 
the rock lacks micropores. It also has remained fresh and unaltered which 
considering that the crystal was only erupted around 25000 (Dawson, pers comm) 
years ago is perhaps not surprising. In one of the clastic feldspar grains from an 
arkosic sandstone the micropores appear to have been filled in (plate 3.18) 
suggesting that fluids, perhaps during diagenesis of the sandstone, have been able 
to percolate through the micropores and deposit secondary phases within the grain 
which have protected the grain from further dissolution. This adds to the suspicions 
that the micropore network is interconnected and therefore micropermeable also (see 
Part 4). 
As an interesting contrast to the terrestrial rocks studied so far an alkali 
feldspar from the anhydrous lunar environment (Taylor 1982) was imaged. The 
sample imaged (NASA ref 14321-1613) was collected on the Apollo 14 mission in the 
Frau Mauro region of the Moon and is a granite clast from a polymict lunar breccia. 
As would be expected the sample is heavily shocked (Warren et al 1983). If, as is 
[*1 
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suspected, fluids are important in the formation of micropores in alkali feldspars, 
when studied in lunar samples the crystals should be devoid of micropores. From 
plate 3.19 this can indeed be seen to be the case. 
Transmission Electron Microscope Imaging 
Although BSE images provided much useful information, TEM was used to 
study the texture in more detail. TEM is usually done on pristine, unaltered samples 
and so imaging deuterically altered and heavily microporous areas proved difficult 
(plate 3.22). Many interesting results were however obtained. 
Sample Preparation 
Double polished thin sections were made and copper grids then glued down 
onto suitable areas. The samples were then thinned, by bombarding with argon 
atoms in a Ion Tech Atom Mill, to the correct thickness. The samples were then 
observed at 200kV using a Jeol 2000 EX instrument (Chemistry Department, 
University of Aberdeen) operated by Dr RH Worden and at 120kV using a Phillips 
CM1 2 (Biochemistry Department, University of Edinburgh) operated by Dr KA 
Waldron. The help of these colleagues is gratefully acknowledged. Credits are given 
with the plates (plates 3.20 to 3.34) 
TEM Images 
The most obvious feature in many of the TEM images is the regular braid or 
lamellar perthites are disrupted by turbid areas with micropores within which the 
regular structure is lost completely. This change is very dramatic even within the 
same sample (plates 3.20 and 3.25) and can occur gradually or abruptly (plates 3.25 
and 3.32). In some images micropores are found not only within turbid areas as 
found using BSE imaging but also around the margins of the turbid area (plate 3.23 - 
this was also found by Eggleton and Buseck (1980) in their study of weathering of 
feldspars). They do not however extend into the surrounding pristine areas but 
sometimes appear as discrete turbid bands within pristine areas (plate 3.30). As 
noted above BSE images show that some micropores formed before perthite 
coarsening and did not affect the regular structure. This feature 
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Plate 3.20 
Bright field TEM images of sample DHF-3A, Cruachan granite, Glen Etive, Scotland 
(instrument operated by KAW). 
Turbid area of the sample. Some micropores and subgrains can be seen with the 
structure very disrupted. Details are difficult to make out and the orientation is 
unknown. 
Pristine area of the sample. The difference between this and the turbid area (a) is 
quite dramatic. Here the regular perthite lamellae can be easily made out and no 







Bright field TEM images of sample DHF-3A Cruachan granite, Glen Etive, Scotland 
(instrument operated by KAW). 
Partially turbid area. On the right the regular structure can still be seen. No 
micropores are present. On the left the structure has been disrupted by the deutenc 
coarsening of the perthites and formation of micropores and is difficult to image. 
Orientation unknown. 
Regular perthite lamellae in a pristine area. Some micropores may be seen but 
these do not disrupt the lamellae and may be high temperature micropores as shown 













Bright field TEM images of sample DHF-6A, Loch Ainort granite, Skye, Scotland 
(instrument operated by KAW). 
A well orientated area of regular, coherent pristine perthite (in this area it is strictly 
an antiperthite as the Ab-phase is dominant). Albite twins, parallel to 010 and regular 
lamellae of Or phase, parallel to 601, can clearly be seen. 
Turbid area in which micropores are very common and although other details are 
difficult to make out, it is noticeably more chaotic than (a). The dark and light areas of 
the sample are due to the blister like structures (illustrated in Part 2) brought about 












Bright field TEM images of sample DHF-6A, Loch Ainort granite, Skye, Scotland 
(instrument operated by KAW). 
Badly aligned albite twins (upper right) in a lamellar perthite are interrupted by two 
micropores with a dividing bridge in the centre. Orientation unknown. 
Coherent lamellar perthite (lamellae running NW-SE) is disrupted by an area of 
chaotic structure within which microcline twinning (right) and micropores can be 
seen. 
Area of coherent, pristine, lenticular perthite (left) and an area of albite twinning 
from an area of patch perthite (right). It is interesting to note that the lamellae from 


















Bright field TEM images of sample DHF-1 5C, Correnie granite, Scotland (instrument 
operated by KAW). Orientations unknown. 
Area of tweed orthoclase with coherent lenticular Ab lamellae (left) contrasts 
markedly with the area of chaotic structure (right). Within the chaotic zone microcline 
twinning (lower right) and micropores (centre) may be seen. 
Two large micropores separated by a bridge. The break in the bridge is due to 








Bright field TEM images of sample DHF-16A, Skene granite, Gask, Scotland 
(instrument operated by KAW). 
Irregular area of microcline with micropores within an area of pristine tweed 
orthoclase (well displayed right). Within the microcline twins following the albite 
(parallel to a) and pencline (parallel to b) laws may be seen. 
Similar image to (a). It is interesting to note that some micropore edges, 







• 	•-J4 	 4"" 	
tt1 
' I. 	 I 
1* 
b* 
I 	- .pr • 
A 





Bright field TEM images of sample DHF-17A, Hill of Fare granite, Scotland 
(instrument operated by KAW). Orientations unknown. 
A cluster of micropores in an area with coarser microtexture surrounded by 
pristine orthoclase. The Y-shaped structure to the right is a result of thinning. 







Bright field TEM images of sample DHF-17A, Hill of Fare granite, Scotland 
(instrument operated by KAW). 
Coherent lamellae of Ab-phase within pristine orthoclase. Below these is a zone 
of recrystallization. 

















Bright field TEM images of sample DHF-22A, Peterhead granite, Whinnyfold, 
Scotland (instrument operated by KAW). 
Area of microcline in which micropores and twinning can be seen. Some evidence 
for subgrain boundaries (notably towards the top of the image) may also be seen. 
Irregular bands of microcline associated with micropores crossing a pristine area 










Bright field TEM images of sample DHF-22A, Peterhead granite, Whinnyfold, 
Scotland (instrument operated by KAW). Orientations unknown. 
Remnants of tweed orthoclase (top tight and lower left) are visible within an area 
of microcline. A large micropore (centre) can be seen along with microcline twinning 
(left). 
An area with a very chaotic structure: subgrain boundaries (top left), microcline 
twinning (lower tight) and micropores can clearly be seen. Some areas of tweed 
orthoclase remain in the lower tight also. It is interesting to note that some 


















Bright field TEM images of sample DHF-26A, Kinstearie granite, Nairn, Scotland 
(instrument operated by KAW). 
A disrupted zone containing micropores in an otherwise coherent pristine 
orthoclase with lenticular lamellae. 
A large micropore which appears to be partially filled with secondary material. 










Bright field TEM images of sample DHF-26A, Kinsteane granite, Naim, Scotland 
(instrument operated by KAW). 
Chaotic microtexture in a turbid area with numerous micropores. Notice the 
dominant (110) of the subgrain boundaries in the central area defining a rhombic 
outline to the subgrains. Orientation unknown. 
Adularia overgrowths whose outline is defined by the dominant (110) and (010). 
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Plate 3.32 
Bright field TEM image of sample 43738, laminated syenite, Klokken, Greenland 
(instrument operated by RHW). The image shows an alteration front with braid 
perthite (right), slightly coarsened film perthite (centre) and patch perthite (left). 
Micropores are absent from the braid perthite and are abundant in the patch perthite. 
The perthites are coherent in the braid perthite and are irregular and apparently 
incoherent in the patch perthite. Subgrains may also be seen in the patch perthite. 













Bright field TEM images of sample 43738, laminated syenite, Klokken, Greenland 
(instrument operated by RHW). Images from Worden et al 1990. 
Mosaic of small subgrains including grains which are rotated. Note the numerous 
bum pits around the subgrains, indicating that they are incoherent, and microcline 
twinning (top right). Beam nearly parallel to [001]. 













Bright field TEM images of sample 43738, laminated syenite, Ktokken, Greenland 
(instrument operated by RHW). Images from Worden et al 1990. 
Close up image of micropore showing subgrain boundaries and an outgrowth of 
Adularia habit feldspar within the micropore. Albite twins very prominent in lower half 
of image. 






can also be seen using TEM (plate 3.21). 
On a TEM scale the morphology of regular perthites does not change laterally 
(plates 3.20 and 3.22). They are also generally coherent with few dislocations 
between the phases. Dislocations, if present, lead to bum pits which can easily be 
seen in the images (plate 3.33). This work confirms the perfect coherence of strain 
controlled perthites first shown using lattice-hinge imaging by Brown and Parsons 
(1 984a). It is interesting to point out that pristine areas which using light microscopy 
and BSE imaging did not show perthites can be seen to display very tine 
cryptoperthites (plate 3.23, 3.26 and 3.27). 
In general it Is difficult to see details within turbid areas (plates 3.20 and 
3.21). This may be due to the disruption which the feldspar has undergone and 
difficulty in orientating the sample. When the structure can be made out however It 
can also be seen that the phases change their microtextures along with developing 
micropores and subgrains. Within the pristine areas the K rich phase is found as 
tweed orthoclase which changes to ntartano twinned microcline in the turbid areas 
although this is often difficult to see (plates 3.24, 3.25,. 3.28 and 3.29). White and 
Barnett (1990), In a study of microcline from Ontario, Canada, noted that twinned 
grains had few voids (micropores) whereas in untwinned areas voids were common. 
The untwinned, microporous areas discussed by them may represent the K rich 
phase of a patch perthite. As has also been noted microtextures within turbid areas 
are difficult to. Image and it may be that the microtextures were obscured by this 
effect. Both the K rich and Na rich phases have also developed subgrains (plates 
3.20, 3.26 and 3.33). Micropores are found around the subgrain boundaries which 
appear to combine to form an interlinked network (plates 3.23, 3.26 and 3.33). A 
similar relationship between micropores and subgrains was also noted by White and 
Barnett (1990). 
Imaging of the micropores themselves also yields interesting information. 
Although when imaged using SEM, atom milled micropores had lost some of the 
detail in their shape, their outline can clearly be seen using TEM. A number of holes 
in the sample which were thinning artefacts could also be seen in many of the 
samples. These holes differed from the primary micropores in that they were 
generally very round, contained much amorphous material and were found in the 
100 
gaps between the blister-like surface features shown on plate 2.2. The development 
of this surface texture being characteristic of atom-milled areas. Within the primary 
micropores small bridges can still be seen (plate 3.23). The angular shape of the 
pores in places appears to be controlled, as was suggested earlier (Part 2), by 
Adulaila habit outgrowths and cleavages within the host crystal (plates 3.29 and 
3.31). The outline of the pore can also be broken up by overgrowths of other material 
within it (plates 3.30 and 3.34). In some cases the exact composition of the 
overgrowth cannot be determined from its morphology alone and would require 
analytical TEM. This facility was not available on either instrument used. 
The development of Adulana habit outgrowths is perhaps the best evidence 
yet discussed of the involvement of water in the formation of micropores. The new 
feldspar could not be deposited from a melt and therefore must have been deposited 
from a hydrothermal fluid at the same relatively low temperatures, <420C (Smith and 
Brown 1988), as those proposed for the formation of micropores. It seems probable 
that the two changes in the feldspar, i.e. the growth of Adulana habit outgrowths and 
the change to microporous deutenc perthites, are related. 
Cathodoluminescence and Microporosity 
Recent work at Edinburgh (Finch 1990) has shown that the interaction of 
fluids with feldspars can be mapped by using cathodoluminescence (CL). CL 
characteristics of alkali feldspars are markedly altered by fluid interaction (Mariano 
1976). It was decided therefore to attempt to compare the microporosity of selected 
alkali feldspars with observations of fluid interaction as determined by CL 
Cathodoluminescence 
Mariano (1976) first noted that alkali feldspars which had experienced fluid 
interaction 1  luminesce red while those which had escaped fluid interaction luminesce 
1 The most intense examples of red cathodoluminescence colours results from alkali 
metasomatism where strongly alkali solutions replace earlier minerals. In the case of 
alkali feldspars this can be observed as replacement of blue luminescing material by 
red luminescing material along grain edges and along well defined microfractures 




blue. The causes of the different luminescence colours has been the subject of much 
discussion (summarised in Finch 1990). Blue colouration has been attributed to 
lattice defects (Geake et al 1977), increases in titanium (Mariano 1976) and gallium 
(De St Jorre and Smith 1988). Fe3 '- is widely believed to cause the red colouration 
(Mariano 1979) although it has been suggested that the red colour is always present 
and is obvious only when the blue colouration is suppressed (Rae and Chambers 
1988). Whatever the cause, the change in colour provides a clear visual indicator of 
fluid interaction. 
Comparison of Cathodoluminescence with Microporosity 
The samples used came from the Blá Mane So, Tugtutoq, South Greenland 
(sample BM-x in table 1.1) and the Younger Giant Dyke Complex (YGDC) also from 
Tugtutoq, South Greenland. BSE images were obtained on the SEM and then 
compared with the CL photos. 
Plates 3.35 and 3.36 show the images. It can clearly be seen that the areas 
of high microporosity and coarsened perthite are associated with the areas of red 
luminescent feldspar. Blue is associated with regular perthites (BM-x) or with areas 
where no perthite Is apparent using BSE (YGDC). For these two samples therefore 
we have good evidence to suggest that the formation of microporosity is related to 
fluid interaction with the feldspars. 
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Plate 3.35 
Cathodoluminescence photo of sample BM-x, perthosite from the Blã Mane Sø 
pluton, Greenland. Strongly contrasting areas of red and blue luminescing material 
can clearly be seen. Black areas are mafic grains. It is interesting to note the 
irregular distribution of the deuterically altered red luminescing material. Points 
marked b and c correspond to BSE images below. Photo supplied by AA Finch. 
Back-scattered electron image of red luminescing area b above. The irregular 
nature of the pèrthite can clearly be seen and micropores are common, particularly in 
the Or-rich phase. Ab-rich phase - dark grey, Or-rich phase - light grey, pores - black 
dots. 
(C) Back-scattered electron image of blue luminescing area c above. Although slight 
coarsening of the perthite with associated micropore development can be seen along 
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Cathodoluminescence photo of sample from Younger Giant Dyke complex, 
Tugtutoq, Greenland. An alkali feldspar (pale blue and dark red) enclosed in malic 
grains (black and bright red) can be seen. Also visible within the alkali feldspar is a 
central zone of pink luminescing feldspar. Within the box, a central zone of blue is 
flanked both above and below by dark red material. This box is shown enlarged in 
(b). Photo supplied by SM Mingard. 
Back-scattered electron image of box in (a). The dark red luminescing areas can 
now be seen to be a coarse patch perthite with the blue area being homogeneous. 
The area in the box is enlarged in (c) below. 
It can now be seen that the patch perthite is also very rich in micropores which 
are absent in the homogeneous areas except along microcracks. 
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Plate 3.36 









Discussion of Micropore Habitat 
From the information which has been obtained in the preceding section 
several factors controlling micropore distribution and formation within the host crystal 
may be noted. Not least of these is the fact that to study micropore distribution in 
feldspars, optical microscopy is not sufficient but requires to be done in conjunction 
with electron microscopy. The information discussed here is drawn from the 
preceding sections and examples are illustrated there. 
Both BSE and TEM imaging showed that regular, strain controlled perthites 
are disrupted, often very abruptly, In turbid areas to form irregular, deutenc perthites 
containing micropores, thus confirming the work of Parsons (1978) and Guthrie and 
Veblen (1988). The change in perthite style is brought about by the action of a fluid 
upon the crystal (Parsons and Brown 1984) causing the strain controlled perihites to 
coarsen to deuteric perthites. The action of a fluid was shown directly via the 
cathodoluminescence study and, most importantly, by the formation of low 
temperature hydrothermal Adulana habit outgrowths. More circumstantial evidence 
for the importance of water in the formation of micropores and the coarsening of the 
perthites comes from the alkali feldspars from the granulite (Harley 1987), the fayalite 
bearing rapakivis (Harrison et al 1990) and the lunar rocks, all of which had remained 
anhydrous throughout their history and which did not possess micropores or deutenc 
perthites. It appears therefore that aqueous fluids are important in the formation of 
micropores (discussed further in Part 5). 
It may also be noted that while most micropores occur in coarsened patch 
perthites, some do not These tend to be found in trains running across areas of 
strain controlled perthite. TEM studies showed that the change from strain controlled 
to patch perthite was accompanied by a change from tweed orthoclase to microcline. 
This is in agreement with earlier work (Folk 1955; Montgomery and Brace 1975; 
Parsons 1978; Parsons and Brown 1984; Ferry 1985) which suggested that the 
development of turbidity occurred late in the pluton's cooling history at around 400C. 
Those micropore trains which do not affect the perthite morphology must therefore 
have formed at higher temperatures above the solvus (>650C if An free). From their 
distribution this population of micropores appear to represent healed high 
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temperature microcracks and not inclusions which were incorporated into the 
growing crystal (Roedder and Coombs 1967). Trains of pores which do cause the 
strain controlled perthite to coarsen must therefore represent microcracks which 
formed at much lower temperatures. As discussed earlier low temperature fluid 
interaction can also be seen by the formation of Adularia habit overgrowths within the 
micropores. This habit is common In alkali feldspars growing at temperatures <420C 
(Smith and Brown 1988 pg 515) and in sediments. 
Strain controlled perthites may occur as either delicate braid intergrowths or 
as much coarser film perthites. In places the morphology of the regular film perthites 
has been coarsened to vein patch perthites which are only slightly coarser. 
Micropores are still however common. These may represent examples where the 
coarse strain controlled perthites were cooled to low temperatures before fluid 
interaction. Preservation of the regular morphology would therefore be caused by two 
processes. Diffusion of the cations at low temperatures would be slow and the 
distances to be covered too great for large scale reconstruction of the perthites to 
take place. Also, the relatively large surface areas of the regular lamellae will have 
already reduced the surface strain greatly (when compared with finer scale 
intergrowths with the same morphology). The total free energy available in the 
system to drive the coarsening is therefore much reduced. 
It is also common for turbid areas to be found throughout the crystal as 
blebs displaying broadly the same orientation. These may represent coarsening 
along now healed microcracks which were along cleavage planes and therefore 
crystallographically controlled. StUnitz (1991 pars comm) in a study of stressed 
plagioclase feldspars from metamorphic rocks, found that bands of turbidity following 
microcracks made up all of the turbidity present. The presence of turbidity along the 
margins of healed microcracks only may help to explain why in some areas "islands" 
of strain controlled perthites exist surrounded by turbid deuteric perthites. 
The distribution of micropores between the Na and K elements of the deuteric 
perthites is somewhat problematic. From BSE observations it appears that 
micropores in the K phase are smaller but more numerous than those within the Na 
phase. Petrovic (1972) showed that in adularia Na atoms displayed faster diffusion 
rates than K atoms (3.5x1 0-5  m2s-1 compared with 2.Ox1 0- m2s-1 ). It may . be 
therefore that the faster diffusion rate allows the Na phase to reduce surface energy 
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by coalescing small micropores to form larger micropores. As there also needs to be 
diffusion of AP, Si4 and 02  ions in order to change the morphology of the 
micropores, it is unlikely that alkali cation diffusion rate is the sole control over this 
process. 
Another feature which it is interesting to note is that many areas which 
appeared to be uniform and non-perthitic at both optical and BSE magnifications 
were shown to be very fine strain controlled perthites using TEM. It is therefore likely 
that in many studies of alkali feldspars the true, cryptoperthitic nature of the crystals 
has not been noted, with possible effects on subsequent interpretations. This was 
demonstrated by Guthne and Veblen (1988 & 1991). In a study of the same suite of. 
rocks used by Ferry (1985), they demonstrated that what Ferry had called exsolution 
of homogeneous feldspar was in fact the coarsening of a very fine ciyptoperthite. 
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3(b) Feldspar Habitat within Host Rock 
Having investigated the distribution of micropores within the host crystal, it is 
important to study whether petrographic variations within the host rock can be related 
to the distribution of micropores within the crystal. 
Modal Analysis of Rocks 
Modal analysis was carried out on 22 thin section of different samples with 
the results being shown on Table 3.2. This analysis was carried out by point counting 
using an electric stage motor and 500 points per sample. The rocks were then 
classified on the basis of their quartz, alkali feldspar and plagioclase content after 
Streckeisen (1976). No quartz undersaturated rocks were studied here but these 
were shown to contain micropores earlier (Plate 2.20). The results of this are 
shown in figure 3.1 and Table 3.3. This data was then used alongside the 
microporosity as determined in Part 2. 
In order to try and determine whether hydrous or anhydrous rocks had 
different microporosities, the proportion of hydrous minerals was plotted against the 
microporosity of its alkali feldspars. Montgomery and Brace (1975) had Shown a 
relationship to exist between the importance of water during the cooling history of the 
rocks they studied and plagioclase microporosity. They noted that plagioclase from 
gabbros, diorites and metamorphic rocks (essentially dry) had very few pores 
whereas granitic rocks contained many more. fl 
The results of this study are shown in figure 3.2 with no correlation between 
microporosity and the percentage of hydrous phases in the rock being found. Even 
the samples from a granodionte (DHF-12A) and a diorite (DHF-14A) did not show an 
increased porosity. The general relationship between a hydrous history and the 
development of micropores was however, confirmed in the previous section and will 
also be shown later when the petrography of the samples is considered. Those rocks 
which were known to have been dry throughout their history, such as the granulite  
the rapakivis, the granular syenites and the lunar sample, had no micropor4_-" 
whereas those in which water had played an important role in their cooling history, 
such as the granites and the laminated syenite, had developed micropores and 
Table 3.2 
MODAL ANALYSIS 
Sample No. Ouazt 
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Sample N = Quartz Feldspar Plag. - Rock Name 
DHF-IA = 23.9 46.5 29.5 - monzogranite 
DHF-3A = 28.3 40.0 31.7 - monzogranite 
DHF-4A = 29.7 42.4 27.9 - monzogranite 
DHF-5A = 39.4 32.1 28.5 - monzograrnte 
DHF-6A = 31.9 68.1 0.0 - alkali granite 
DHF-7B = 30.5 69.5 0.0 - alkali granite 
DHF-12A = 26.3 20.6 53.1 - granodiorite 
DHF-14A = 11.7 5.8 82.4 - diorite 
DHF-15A = 53.2 28.8 18.0 - monzogranite 
DHF-15C = 42.8 42.6 14.5 - syenogranite 
DHF-16A = 13.2 60.6 26.2 - syenite 
D1-IF-17A = 39.2 35.6 25.6 - monzogranite 
DHF-19A = 50.5 32.9 16.6 - syenogranite 
DHF-22A = 31.5 47.7 20.7 - syenogranite 
DHF-26A = 18.7 53.6 27.7 - syenite 
DHF-32A = 37.9 44.7 17.3 - syenograiute 
DHF-33A = 16.0 59.3 24.7 - syenite 
RI-hA = 26.5 40.7 32.8 - monzogranite 
140115 	= 0.0 100.0 0.0 - alkali syerute 	-j 
43738 = 0.0 100.0 0.0 - alkali syenite Q 
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Figure 3.1 
Classification of samples on the basis of their alkali feldspar (A), quartz (Q) and 
plagioclase (P) content (from Cox et at 1979, after Streckeisen 1976). Numbers 
around triangle correspond to percent alkali feldspar. 
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Plot of proportion of hydrous phases (as determined during modal analysis) against 
microporosity (as determined via pointcounting in Part 2). 


















Petrography of Rock Samples 
In a mineralogical study of this type, it is important to examine the 
petrological features of the host rock in order to assess any common relationships 
they might have with the development of micropores. To this end a petrological study 
was carried out on the same samples as used in the modal analysis study with the 
exception of samples DHF-1A, DHF-5A, DHF-513, DHF-1 1A and DHF-14A. Five 
groups of rocks were studied petrographically; Caledonian granites (subsolvus), 
Skye granites (hypersolvus), Klokken alkali syenites, a Cornish granite (also 
subsolvus) and a rapakivi granite from Prins Cnstian Sund, Greenland. A 
petrographic discussion of each group is given below which should be considered in 
conjunction with the discussion of the intra-alkali feldspar textures given in the 
previous section (3(b) back scattered electron (BSE) images). All of the samples 
studied plot in the quartz saturated half of the QAPF double-triangle of Streckeisen 
(1976. Figure 3.1), being generally composed primarily of sub-anhedral quartz, alkali 
feldspar and plagioclase crystals in varying proportions. 
Caledonian Granites. These rocks generally have a pink colouration in hand 
specimen, due to the abundance of alkali feldspars, and have a fine to coarse 
grainsize (up to several mm in size - notably the phenocrysts of DHF-33A, Shap 
granite). Foliation is rare but when present (DHF-1 5A, Tillyfourie granite) is defined 
by the biotite content and is well developed. 
In thin section the rocks can be seen to be made up of quartz, alkali feldspar, 
plagioclase and biotite. Accessory minerals include amphibole (hornblende), white 
mica, sphene and zircon. Quartz is nearly always strained and is in places 
microcrystalline. Fluid inclusions are common, often found in trains traversing the 
crystals. Rare sutured quartz-quartz contacts are also found (DHF-22A and DHF -
26A). Alkali feldspar in all samples has turbidity present associated with branching 
vein perthites which can, rarely, make up a meshwork covering the entire crystal (see 
plate 3.8). Within these areas microcline twinning is common. In most cases the 
turbid areas do not cover the entire crystal surface but are interspersed with areas of 
pristine feldspar. The pristine areas are entirely lacking in turbidity and are 
featureless except for very fine film microperthites (at the limits of optical resolution 
and much easier seen using BSE, see plate 3.11). The coarsened vein perthites are 
not restricted to the edge of the crystal. Granophync intergrowths with quartz are 
rare. Plagioclase in the samples is generally more altered than the alkali feldspar. 
The alteration is composed of small crystallites of a secondary mineral and is 
generally found only in the centre of the grains or concentrated in some concentric 
zones (plate 3.37) and along some twins. The remaining parts of the crystals display 
good albite twinning and are lightly dusted with inclusions. Biotite crystals are 
commonly found in clots and display characteristic olive green - brown pleochroism 
and pleochroic haloes. Alteration to chlorite is common (plate 3.38) along cleavages 
but varies markedly in degree; DHF-19A contains biotites which are almost 
completely altered whereas others, DHF-26A, are fresh. The homblende displays 
green - oFive pleochroism and, like the biotite tends to be found in clots. All the 
accessory minerals are generally very fresh. 
Skye Granites. These samples differ markedly in many respects from the 
Caledonian granites. In hand specimen the rocks have reddish colour on weathered 
surfaces. This is caused by the breakdown of the ferromagnesian minerals and is 
easily distinguished from the green/brown colour of the fresh rock formed by green 
homblende and light brown/green alkali feldspars. 
In thin section the rocks are made up of quartz, alkali feldspar and 
homblende with smaller amounts of clinopyroxene and accessory zircon. Quartz 
grains are anhedral and show common trails of fluid inclusions. Granophyric 
intergrowths with the alkali feldspars are common (up to 60% of the rock - plate 
3.39). The alkali feldspars are very turbid, in contrast to the Caledonian granites, with 
coarse patch perthites dominant, giving the entire rock a turbid appearance. In 




Optical micrograph (xpl) of sample DHF-12A, Loch Cluanie granite, Scotland. A 
plagioclase crystal showing a central zone of alteration to a secondary phase. The 
alteration is restricted to this zone and outwith it albite twinning can clearly be seen. 
Plate 3.38 
Optical micrograph (ppl) of sample DHF-1 9A, Ballater granite, Scotland. A large 
anhedral biotite crystal (dark grey) showing partial alteration to chlorite along its 
cleavages (light grey). Note the pleochroic halo right of centre. 
Alteration in the range of samples studied varies from no alteration to complete 
alteration of the crystal. 
Plate 3.39 
Optical micrograph (xpl) of sample DHF-713, Beinn Dearg Mhor granite, Skye, 
Scotland. Most of the photo is occupied by alkali feldspar and the extreme turbidity of 
this sample can clearly be seen and no details within the alkali feldspars can be 
made out. Well developed granophync texture can also be seen. 
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the grain with bands of turbidity going into a fairly pristine centre. Within the samples 
homblende can vary in appearance from green - brown/green pleochroic fresh 
crystals (plate 3.40) to almost completely altered crystal masses. They are commonly 
found associated with iron oxides. 
Klokken syenites. The Klokken complex of South Greenland is body of 
layered syenite within an outer sheath of gabbro. The layers in the syenite are 
composed of granular syenites interbedded with laminated syenites. As has been 
noted by previous workers (see Parsons and Becker 1987 for a review) the fluid 
interaction history for the two units is very different. It is thought that the laminated 
syenites have acted as high temperature aquifers for fluids circulating within the 
pluton whereas the granular syenites have remained impermeable. Much of the 
evidence for this is petrographic. 
The granular syenites used in this project are a dark green/black colour in 
hand specimen, except where altered by superficial brown iron staining. The 
dominant phase is alkali feldspar (75% In sample 140115, table 3.2) with 
clinopyroxene making up most of the remainder of the rock. In thin section the alkali 
feldspars are large (up to 30mm) and glass clear with rare trains of inclusions. Braid 
microtexture may be seen at the edge of optical resolution and some pleated 
margins are also present. Clinopyroxene is present as large (up to 2mm) crystals 
evenly distributed throughout the rock. Biotite is much smaller (<0.5mm) and is found 
in clots with the clinopyroxene. Both are fresh with little alteration present. 
In contrast to the granular layers the samples used in this project from the 
laminated layers in hand specimen display large (>30mm), white, tabular alkali 
feldspar crystals set in a dark coloured mafic matrix. In thin section the alkali 
feldspars have widely developed turbidity within areas of deutencally coarsened 
patch perthite. Within the patch perthites individual perthite phases may become very 
large (-1 mm). It is noticeable that unlike the Caledonian granites there appears to be 
little crystallographic control on the distribution of the turbid areas. Whereas in the 
Or 
Caledonian granites deutenc perthites are found in veins funning across the crystal, 
in theranular1 yenite they appear as massive areas which do not appear to favour 
the edge -of--the crystal or the centre (see plate 3.6). Indeed in some crystals, one end 
of the grain will be turbid while the other end remains pristine. Microcline twinning 
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may be seen in the patch perthites and it is noticeable that the turbidity is more 
common in this element of the perthite. Albite twinning is also visible in the Ab-rich 
phase of the patch perthites. Clinopyroxenes in the laminar syenites are not altered 
and tend to be found in clots along with the amphibole. The amphibole displays a 
green - brown pleochroism and is also fresh. Amphibole in places appears to mantle 
the pyroxene grains. 
Chees wring granite, Cornwall. In hand specimen the Cheeswnng granite is 
a predominantly white, coarse grained rock made up of alkali feldspars, plagioclase 
and quartz with numerous black biotite crystals. 
In thin section it appears fairly similar to the Caledonian granites described 
above. Quartz is present as microcrystalline masses and as large (up to 3mm) single 
grains which display undulose extinction and have only rare fluid inclusions. Turbidity 
in the alkali feldspars is very well developed with rare pristine areas. In a similar way 
to that displayed in the Caledonian granites turbidity is developed as a meshwork 
traversing the crystal surface In association with vein perthites. Within the coarser 
areas of vein perthite microcline and albite twin domains can be seen. No perthites 
can be seen within the pristine areas. Plagioclase also appears to be heavily altered 
in the style of the Caledonian granites. Small crystallites of a secondary phase tend 
to be distributed throughout the crystal obscuring the original albite twinning. 
Occasionally it is restricted to the centre of crystals. Some chessboard albite can be 
seen. Two types of mica are present in the rock. A red/brown - .green pleochroic 
biotite, noted in hand specimen, and a white: mica. The biotite is' commonly altered 
with chloritisation common. Where the original biotite can be studied, pleochroic 
haloes are also common. White mica is present as anhedral crystals up to 1.5mm in 
size. In places they appear to be ophitically enclosed within quartz and alkali feldspar 
grains. Some bending of the crystals can be noted from the cleavage traces. The 
presence of microcrystalline quartz, strained quartz and bent white mica grains 
suggest the rock has been strained at some point. 
Prins Cristlan Sund rapakivi granite. This rock, like the granular syenites 
from Klokken, is unusual for a granite in that in hand specimen it is a green/black 
colour. As such it is difficult to identify individual phases in hand specimen. 
In thin section the rock is remarkable for its freshness and rarity of alteration 
of any kind. Quartz displays rare trains of fluid inclusions but is otherwise featureless. 
Myrmekitic intergrowths with the plagioclase crystals are common. Alkali feldspars 
are also very fresh and turbidity is very rare within the crystals being restricted to rare 
trails of turbidity traversing the crystal. These trails contrast markedly with those 
found in the Caledonian granites in that they are very narrow, of limited extent and 
also only slightly turbid. Pristine areas of the alkali feldspars often display a fine, 
regular film microperthite. Within what turbid areas there are, microcline twinning is 
common and the perthites are more coarsely developed and less regular. Rapakivi 
texture, alkali feldspar grains mantled by plagioclase, is rarely seen in the rock. 
Plagioclase is also present as pristine, alteration free grains which often display a 
weak concentric zonation. Antiperthite is also developed. Of the mafic phases 
present the most common Is olivine. Olivine Is also fairly fresh with only slight 
alteration to brown iddingsite 0  (Harrison et al 1990) and iron oxides. Previous work 
has shown it to be around 95% fayalite (Harrison et al 1990). Biotite, chnopyroxene 
and rare amphibole and orthopyroxene are also found in this rock, all generally 
unaltered. Biotite is present as large (up to 2mm) crystals and orthopyroxene is 
present commonly as coarse grained aggregates which can display exsolution 
lamellae. The amphibole is present as anhedral masses and displays a green - 
yellow/green pleochroism. 
Although sample Ri -hA is classified in figure 3.1 as a monzogranite, it has a 
markedly different mineralogy to the Caledonian monzogranites. As demonstrated 
here and by Harrison et al (1990) this rock has only rare hydrous phases such as 
amphibole, more common is anhydrous olivine. As has already been noted (Part 2) 
this sample has an almost negligible micropore content in its alkali feldspars and like 
Klokken sample 140115 (also black in hand specimen) is thought to have remained 
anhydrous throughout its entire cooling history. 
Petrological Information In Relation To Microporosity 
While general modal and petrological studies are necessary to place the 
alkali feldspars studied in their correct environmental context, it does not directly 
contribute to our understanding of micropore development. In order to obtain 
information which would be directly applicable, the petrological features must be 
compared with the microporosity measurements made in Part 2(a) and the 
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observations made in the study of the uMicropore habitat earlier in this part of the 
thesis (Section 3(a)). 
Host-rock textural variations. In general terms the overall texture of the 
rock (eg grain size, crystal shape) does not appear to affect the level of microporosity 
found within the feldspar grains. It might be expected however that the overall degree 
of alteration within the rock sample, as defined below, might be related to the 
microporosity of the alkali feldspars. In general terms the degree of alteration within 
the rock has already been shown using TEM and BSE images to be related to the 
development of micropores: those rocks which are essentially alteration free 
(Klokken granular syenite, the rapakivi granite, the granulite and the Moon rock) are 
/ also micropore free. It was hoped that the degree of alteration present in those rocks 
which had been altered could be related to the degree of micropore formation. 
Alteration was determined by observing the rock in thin section using light 
microscopy and is an estimate of the overall alteration of the rock derived by 
considering not only the condition of the alkali feldspars but also any alteration of the 
plagioclase feldspars and maflc minerals, the degree of chloritisation of biotites and 
the amount of iron staining in the sample. The results are shown in figure 3.3. From 
this it can be seen that the rocks with the most altered appearance, DHF-6A and 
DHF-713 (plates 3.40 and 3.39 respectively) are not those with the highest 
microporosities (indeed DHF-6A has one of the smallest values). The highest 
microporosities are found in samples DHF-5A and 43738 (plates 3.41 and 3.42 
respectively) which appear to be more lightly altered overall. 
Although inclusions such as clays or iron oxides are rarely found in 
micropores (see section 4(d)) it has been estimated (Roedder and Coombs 1967) 
that feldspars may contain up to 1016  inclusions per r& (107 per mm3). Calculations 
(shown in figure 3.4) may be done, using the data obtained in Part 2 of this thesis, to 
find the number of micropores of average size needed to form the average 
microporosity encountered. From this we see that the average values mean a 
possible 8.22x10 14 micropores may be present in each rn3 of feldspar (822000 per 
mm3). If only 1 in every 100 or even in every 1000 contains an inclusion this is still a' 




Diagram showing degree of petrological alteration in each sample. This was 
determined by an optical petrological study of the whole rock in each case and is not 
based solely on the state of the feldspars (see text for definition). This information is 
given as the Degree of AtteraUon. Alteration rank gives 15 of the samples in order 
of alteration: 1 = most altered, 15 = least altered. It is interesting to note that this 
study was carried out by both the author and Prof I Parsons (University of Edinburgh) 
for comparative purposes and rare differences of 1 rank resulted between the two. 
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Figure 3.4 
Calculations to determine the number of micropores in each i13 . 
Data values used are the mean values determined in Part 2. 
Microporosity (%) 	 0.0152. 
Mean pore length (pm) 	. 0.5 
L:B ratio 	 2.6 	
g 
In 1 cm3  of feldspar we will have 1 .52x1 07 tm3  of micropore. With an average pore 
length of 0.5 m and a L:B ratio of 2.6, the average pore will have a volume, assuming 
a square cross-section, of 0.01 8jtm3 . 
of micropore will therefore require 8.2x10 14 micropores rn -3 (8220165  
122 
Plate 3.40 
Optical micrograph (ppl) of sample DHF-6A, Loch Ainort granite, Skye, Scotland. 
Uke plate 3.39 the extreme nature of the turbidity of alkali feldspars from Skye is 
clearly displayed although in this sample the granophyric texture is not as well 
developed as in plate 3.39. Anhedral but generally fresh looking homblende crystals 
can also be seen in the lower left of the photo. 
Plate 3.41 
Optical micrograph (xpl) of sample DHF-5A, pegmatite from Kinlocheil, Scotland. 
Overview of the sample which is composed mainly of alkali feldspar - a, plagioclase - 
p and quartz - q. The feldspars in this rock are fairly fresh, although the plagioclase 
appears to be slightly more altered than the alkali feldspar, and overall the rock is 
generally unaltered. 
Plate 3.42 
Optical micrograph (ppl) of sample 43738, laminate syenite from Klokken, 
Greenland. Overview of an area composed mainly of alkali feldspars with some 
clinopyroxene crystals (dark grey). Although turbidity is fairly widespread in the alkali 
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altered appearance, as defined above, have alkali feldspars which contain more 
micropores containing inclusions and therefore appear more dusty. Due to the size of 
- 	themicropores and the number which would need to be examined to detect this 
• 	change it was not possible to test this hypothesis. 
Mafic Mineral Alteration. As has been stated, biotite is the most common 
mafic mineral in the Caledonian and Cornish granites and alteration to chlorite is a 
common feature. Those samples with the heaviest degrees of alteration however 
(DHF-3A, DHF-4A, DHF-1 6A, DHF-1 9A, DHF-26A and DHF-32A) have only average 
microporosities. Alteration of amphibole is only developed to any degree in sample 
DHF-7A. As has already been noted, this is not a sample with unusually high 
microporosity. 
lntra-feldspar textures. The distribution of turbidity and micropores within 
the alkali feldspars, as has been stated earlier, is rarely restricted to the edge of the 
crystals. In the Caledonian granites turbidity was found in vein perthites traversing 
the crystal and in the Klokken samples was found in large areas of patch perthites 
which appeared to have no crystallographic controls. The restriction of turbidity to 
areas where the perthites have become deuterically coarsened, as shown using 
BSE, was also noted in the thin sections (see the description of the Caledonian 
granites). In thin section the three dimensional nature of the samples tends to mask 
the perthites which become difficult to see. In several cases, however, the patch 
perthite nature of the turbid areas can be seen optically, although better shown in 
BSE images (section 3(b)). Microcline twinning is also commonly seen in the patch 
perthites, as shown using the TEM. 
Conclusions from Petrography. The pink and white granites which form the 
majority of the samples These have all experienced hydrothermal interaction at 
some point in their cooling history. This may help to explain the lack of any simple 
correlation between microporosity and the petrographic information given in this 
section. Those rocks with markedly different, generally anhydrous, histories (the 
Klokken granular syenite and rapakivi granite considered here and the granulite, the 
Moon rock illustrated in the section of BSE images) effectively lacked micropores 
while in the remainder of the samples micropores were common. This confirms in 
general terms for alkali feldspars the observations made by Montgomery and Brace 
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(1975) on plagioclase feldspars that plagioclase crystals from those rocks with a 
hydrous cooling history had micropores whereas those from dry rocks did not. 
It is interesting to note that the non-microporous alkali feldspars from the 
anhydrous rocks studied here were green/black in hand specimen in comparison to 
the pink or white microporous feldspars from the remainder of the samples. The 
development of microporosity and turbidity is the cause of the change from 
black/green to pink or white feldspars in hand specimen. 
PART 4 
EFFECT OF MICROPORES ON THE HOST CRYSTAL 
Although it has been shown that micropores in alkali feldspars are common, 
we have not yet looked in detail at the effects they might have on the host crystal. In 
this Part of the thesis studies are described which looked at specific effects, such as 
permeability or trace element distribution, and general conclusions are drawn on the 
effect this will have on the host crystal. The importance of these effects to specific 
geological processes, such as diffusion, diagenesis and weathering, will be 
discussed in the concluding Part of the thesis (Part 6). 
4(a) Intragrain Micropermeability 
The presence of intracrystalhne subgrain boundaries between micropores 
and phases in micropores (see sections 3(a) and 4(d)) suggests that the micropores 
within a feldspar may be interconnected rendering the crystal micropermeable as 
well as microporous. A study was therefore carried out to examine whether the 
proposed permeability could be demonstrated experimentally. Later sections (4(c) 
and 4(d)) will consider whether or not the micropermeability has provided pathways 
which can be shown to have aided chemical changes in the feldspars. 
Experimental Study of Intrapranular Micropermeability 
The feldspar chosen for this study was taken from rock sample 43738 from 
Klokken in Greenland (see appendix 1). This was chosen as it was known, from the 
work discussed in Part 3(c), to contain both microporous, turbid areas and non-
microporous, pristine areas. 
Experimental procedure. 
Cleavage fragments (in the size range 220 - 200itm) were heated at 700C at 
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pressures of 0.1GPa in sealed gold capsules, containing 30% (by weight) 99% 
H2180 (1% H2160), for 75hr. A second experimental run was then done with larger 
cleavage fragments (in the size range 1 - 2mm). These were left for a longer period 
(1 707hr) in similar conditions. Both sets of fragments were then mounted and 
polished to expose an internal section of the grains. These grain cross sections were 
then imaged for 180 on a Cameca ims 4f Ion Microprobe and also using the SEM: 
secondary electron images for the smaller fragments, back-scattered electron 
images for the larger fragments. The initial 8180  for the bulk feldspar sample was 
determined using the facilities at the Scottish Universities Reactor Research Centre, 
East Kilbride. The samples were found to be primary magmatic in character with a 
6180 value of 5.72 ± 0.72 (see section 4(c)). In total 15 -20 grains were imaged. 
The ion probe operates by focussing a stream of high energy Cs'- ions under 
vacuum onto a polished sample which slowly ablates (160- is more usually used but 
obviously would be unsuitable for imaging oxygen ions). To obtain the required 
image a broad area of the sample is illuminated by a rastered ion beam. The 
resulting sputtered ions pass through the mass spectrometer via secondary ion 
optics which maintain the original relative positions of the ions at the sample's 
surface. Imaging apparatus therefore records a real, magnified ion image of the 
sample's surface. The accumulated counts per pixel in the imaging apparatus enable 
distribution and relative concentrations of ions in the sample to be mapped. A more 
detailed description of this instrument's operation is given in section 4(c). 
If the pores are connected, the 180  should pass along the channels provided 
by the sub-grain boundaries, exchange with the 160  in the original feldspar and, 
when imaged, be detected away from the grain margins and cracks within porous 
areas. If the pores are not connected, the 180  will only be found along the grain 
boundary or along cracks. Diffusion of 180  into the centre of the grains used by 
volume diffusion would require periods of several thousand years (Giletti et al 1978; 
Elphick et al 1988) for cleavage fragments of the size used at the temperature of the 
experiments. A fragment was also imaged which had not undergone the 180 
exchange experiment. This showed an even distribution of 180 across - the fragment, 




Mosaic secondary electron images of a polished section through a cleavage 
fragment heated in H 2180 for 75 hr. Boxed area (left) is shown enlarged (right) and 
corresponds to the boxed area in (b). Note that the boxes In (a) and (b)(1 not 
identical in outline due to distortion in the ion probe image. The micropores have 
survived hydrothermal treatment during the experiment so that the upper half of the 
box is still porous while the lower half is not. The mottled surface is due to the gold 
coat applied when using the SEM. C = microcrack. 
Ion microprobe image of the same cleavage fragment showing the distribution of 
180. The scale shows the accumulated counts per pixel over 3 min for 180. 180 
distribution mirrors the distribution of micropores in (a). C = microcrack. 
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Back-scattered electron image of a sample heated in 1 -12180 for 1707 hr displaying 
largely patch perthite. Both the left and right side of the image are very highly 
microporous with large numbers of micropores particularly on the right of the image. 
The area of laminar perthite (towards the top right) appears devoid of pores. The 
distribution of micropores is also striking with large numbers of very small pores in 
the K-rich phase (light grey) while the Na-rich phase (darker grey) remains almost 
pore free. Notice the partially healed crack running across the top of the image. 
Ion microprobe image of the area shown in (a). Marked on the image are the 
lower edge of (a) - solid, three conspicuous Na-rich phase areas - dashed, and an 
area of fine perthite - labelled F and enclosed in finely dashed line. The highly porous 
areas noted in (a - right and left) are both very rich in 180  as is the edge of the grain 
and the crack at the top of the image. The area of fine perthite, however, displays a 
very low 10 signature as do the large albite areas. The scale is as in plate 4.1(b). 
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Plates 4.1 and 4.2 show the ion probe images of the polished cleavage 
fragments after the experimental runs and also the corresponding areas imaged 
using the SEM (also after the experimental run). From the images it is obvious that: 
180  has penetrated into the centre of the grain and is found away 
from grain edges and cracks. 
Any effect heating may have had on the grains has been negligible 
as the micropores and microcracks are still to be seen and have not 
healed. 
The edge of the grain is marked by a very intense 180  band which lessens in 
intensity oubNards i-an-ar-tefact due to the irregular edge of the fragment, and inwards 
due to a tailing-offor 80 diffusion into the grain. A similar 180 distribution is also 
found along cracks within the grains. The presence of 180  within the cracks indicates 
that they were present prior to the heating period and confirms the role of such 
microcracks as conduits for diffusion to the centre of feldspar grains. Plate 4.1 also 
contains a very porous area (enclosed in box) which contains many micropores and 
high 180 concentration. As discussed in Part 2 the micropores have become rounded 
off as a result of polishing. Plate 4.2 similarly shows the 180  to be concentrated 
around grain edges, within patch perthite areas, and away from the fine, regular 
perthites. Interconnected micropores have allowed 180  diffusion into the centre of the 
grains. 
Areas of 180  enrichment which do not correspond to obvious micropores may 
be due to pores or cracks just above or below the plane of the cross section being 
viewed. Unfortunately, because of the thickness of the samples being imaged it was 
impossible to observe such features using light microscopy. 
Discussion 
It can be seen that micropores connected by a network of subgrain 
boundaries and microcracks render alkali feldspar crystals micropermeable, thus 
confirming earlier suspicions (Rama and Moore 1984; Parsons et al 1988; Saigal et 
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al 1988). Given that micropores make up a significant proportion of a crystal (see 
Part 2), this network is an important means of non-volume diffusion in alkali feldspars 
and helps to explain the features noted earlier such as secondary phases in pores 
and enhanced dissolution by weathering. Precipitation of secondary phases within 
micropores is discussed in greater depth in section 4(d). Giletti (1991) noted that the 
diffusion coefficient he found in an experimental study of Rb and Sr in "water-clear" 
feldspars was 1000 times less than that found by Misra and Venkatasubramanian 
(1977) in white feldspars. He speculated that this might be due to minute fluid 
inclusions in the white crystals allowing faster diffusion. As white feldspars contain 
numerous micropores (see Part 2), the presence of a micropermeable micropore 
network in the white feldspars would explain this observation. Matheney et al (1990), 
in a study of red-rock granophyres from New Mexico, suggested that oxidising fluids 
penetrated the feldspar crystals at low temperatures (<300C), oxidised the Fe, 
resulting in the characteristic red colour of the rocks, and altered the Sr and Rb 
content of the rock, leading to low 87Rb-87Sr ages. Without the presence of a 
micropermeable network of the type demonstrated here it is difficult to imagine how 
this fluid could penetrate the crystals. 
By reducing the effective grain size for volume diffusion ) micropermeability 
may therefore be of considerable importance in a number of processes involving 
feldspar/fluid interaction such as weathering, diagenesis, oxygen and isotope 
exchange and metasomatism. These features are discussed in Part 6 of this thesis 
which considers in detail geological situations where microporosity and 
micropermeability are likely to be important. 
4(b) Effect of Heat on Micropores 
In the previous section experiments were described in which feldspars were 
left at elevated temperatures (700C) for extended periods of time (up to 1707 hr). In 
recent work Bentley (1990) describes changes in texture of heated perthitic feldspars 
from the Klokken intrusion. The surfaces of polished slabs were imaged on the SEM 
and subsequently heated in air. The same areas on the surface were then imaged 
again. It was noted that at 800C homogenization of the perthites had started to 
occur after 12 hours. For samples held at 1 000C the change occurred after only 4 
hours and possible zeolite formation was noted on the slab's surface. These probably 
formed during cooling of the charge. 
Plate 4.2 in the previous section shows that after 1707 hours at 700YC fine 
perthites were still visible. They do however appear slightly more diffuse than those 
natural perthites imaged earlier (section 3(b)). As a consequence of this change in 
exsolution texture we might expect that the micropores could change in appearance. 
To investigate whether any changes do occur several feldspar cleavage fragments 
were heated in sealed gold capsules for varying periods of time. In some cases water 
was added to the capsules (the experimental set-up is descnbed in more detail in 
section 5(b). After the run was quenched the samples were cleaved again and 
imaged on the SEM. The results of this are shown in plates 4.3 and 4.4. 
Results 
From the plates it can be seen that the elevated temperatures and pressures 
used appear to have had a negligible effect on the micropores. Only in those 
samples which were heated to 700C can a slight rounding of the micropores' outline 
be seen. In runs at lower temperatures there has been no effect on the micropores, 
with sharp outlines and delicate details, such as fine bridges, still present Those 
samples which had added water did not show any greater degree of alteration than 
those without added water. In several of the samples growth of the zeolite mordenite 
- (Na2K2Ca)1Al2Si10O4.7H2o (Welton 1984) - was noted. This again appeared to be 




Secondary electron image of experimental run FDLW16: 700C, O.1GPa for 
96hrs. No water added. No changes are detectable in the morphology of the 
micropores when compared with fresh samples (see plate 2.18). The very well 
defined outgrowths from the walls of the two largest micropores remain unaffected. 
Secondary electron image of experimental run FDLW22: 700C, 0.1 GPa for 96 
hrs. 1.53mg (7 wt%) water added. No change in the micropores can be seen. 
Although the pores show a slight rounding of their edges it is not clear if this is due to 
the experiment or is an artefact of the imaging technique i.e. poor focus. 
(C) Secondary electron image of experimental run FDLW32: 	0.1GPa for 
1 638hrs. No water added. Even after this extended period of time there is no change 
in the micropores detectable; the outgrowths and fine structure of the pores has not 
changed. 
(d) Secondary electron image of experimental run FDLW34: 600*C, 0.1GPa for 
1638hrs. 1.12mg (5 wt%) water added. No visible changes are visible and in 
particular fine parts of the micropores, caused by the necking down of the pore by 
outgrowths, are still visible. 
Plate 4.3 
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Secondary electron image of experimental run FDLW19: 450YC, O.1GPa for 
96hrs. No water added. No change in micropore morphology can be seen. This 
image contains very good examples of outgrowths, necking-down and pore bridges. 
Secondary electron image of experimental run FDLW25: 450YC, 0.1GPa for 
96hrs. 0.54mg (2 wt%) water added. Like all the runs described above and on plate 
4.3 no changes are detectable. 
Secondary electron image of experimental run FDLW28: 700*C, 0.1GPa for 
1638hrs. No water added. This image shows the outer surface of an experimental 
charge. The area imaged has been in direct contact with the gold wall of the 
experimental capsule and has melted. The images of micropores shown above and 
in plate 4.3 were in all cases internal cleavage surfaces of experimental charges and 
• 	the effects of the surface were therefore excluded from the study. 
Secondary electron image of experimental run FDLW23: 600*C, 0.1 GPa for 
96hrs. 0.62mg (2 wt%) water added. Scattered across this image are needles of the 
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Plates 4.4(c) shows outer surfaces of cleavage fragments for comparison. 
The changes in these can be seen to be much more obvious with possible evidence 
for melting having occurred. The changes noted in section 4(a) are also less obvious 
than those noted by Bentley (1990) although they were left for much longer times. 
This may be explained by the fact that Bentley was imaging changes on a polished 
surface and not internal sections. 
As a result of this study it can be said that micropores appear to be of 
sufficient permanence to survive the experimental runs carried out to impregnate the 
crystals with 180. Whether or not they would survive elevated temperatures and 
pressures on a geological timescale is however debatable. At 700*C there were 
slight changes in the micropores after 96 hours. Although the longer runs (-1640 
hours) did not show appreciably more change in the micropores both run times are 
still very short when compared with the times involved in geological processes. 
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4(c) Micropores, Turbidity and Elemental Distribution 
Micropore formation appears normally to occur along with reconstruction of 
the surrounding perthite (see Part 3a). It might therefore be expected that there may 
be some variation in the bulk chemical composition of the turbid and non-turbid 
feldspar. In order to study this, two techniques were used: electron microprobe, to 
study major and minor element variations, and ion microprobe, to study minor and 
trace elements. An oxygen isotope case study, to determine whether the origin of the 
fluid in pristine and turbid areas could yield any information concerning the 
development of microporosity, was carried out on the Klokken intrusion. These will 
now be considered in turn. 
Electron Microprobe Study 
Technique 
In order to study any major and minor element variation between pristine and 
turbid areas of alkali feldspars, electron microprobe was used. Five major (Si, Al, Ca, 
K, Na) and four minor (Ti, Fe, Mg, Ba) elements were chosen and analysed using a 
Cambridge Microscan Mk V at the Department of Geology and Geophysics, 
Edinburgk The machine -operates with an accelerating voltage of 20kv and a current 
of 30 iA. ZAF corrections are carried out for the final analyses. 
For each sample several analyses were carried out on areas of pristine and 
several in turbid feldspar which were identified by means of optical photomicrographs 
(both plane polarised and cross polarised). These analyses were then averaged to 
give a mean composition for pristine and turbid feldspar in each sample. The mean 
analyses are given in table 4.1. The compositions of the feldspars in the Orthoclase-
Albite-Anorthite system (Or-Ab-An) is given in figure 4.1. 
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Table 4. 1 
Average Electron Probe Analyses 
Turbid Analyses 
DHF.3A DHF-4A DMP-6A DHP..I5C DHF-16A D}U-l7A D1fl-19A D}1P-22A DHF-26A Si02 65.00 64.84 66.91 64.22 64.76 65.23 65.33 66.63 64.71 TiO 0.04 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01 A1203 18.91 18.57 18.55 18.48 18.39 18.82 18.35 18.82 18.53 FeOx 0.12 0.14 0.21 0.10 0.12 0.10 0.03 0.09 0.04 MgO 0.02 0.00 0.00 0.01 0.01 6.01 0.02 0.01 0.01 BaO 1.54 0.61 0.04 0.73 0.36 0.11 0.11 0.03 0.31 CaO 0.15 0.02 0.11 0.00 0.00 0.16 0.01 0.28 0.01 K20 10.36 14.13 7.85 15.71 15.44 12.95 14.68 8.70 15.56 Na20 3.88 1.66 632 0.74 0.90 2.59 1.46 5.42 0.82 
Total 100.02 100.00 100.01 100.01 100.00 99.98 100.00 99.99 100.00 
An 1.0 0.1 0.8 0.0 0.0 1.1 0.1 2.0 0.1 Or 72.0 89.3 55.0 95.5 94.5 82.5 90.9 60.4 94.9 Ab 27.0 10.5 44.2 4.5 5.5 16.5 9.1 37.6 5.0 
Pristine Analyses 
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Total 100.00 100.00 100.01 100.01 100.00 100.00 100.00 100.00 100.00 









Table 4. I 
Average Electron Probe Asialy.e. 
Turbid Analyses 
DHF-28A DHP-32A DHF-33A 43738 140025 
S102 64.40 65.13 65.36 64.97 65.82 
TO 0.00 0.01 0.01 0.00 0.02 
A1203 18.65 18.77 19.10 20.37 19.62 
FeOx 0.10 0.00 0.06 0.06 0.14 
MgO 0.02 0.00 0.03 0.03 0.02 
BaO 0.04 0.09 0.18 0.10 0.10 
- 0 0.00 0.68 0.12 1.03 0.11 
1(20 16.26 1113 11.10 6.12 7.29 
Na20 0.53 3.17 4.05 7.32 6.87 
Total 100.00 99.98 100.01 100.00 99.99 
An 0.0 4.3 0.8 7.1 0.8 
Or 96.9 75.9 72.7 42.3 51.1 
Ab 3.1 19.9 26.5 50.6 48.2 
Pristine Analyses 
DIW-28A DHP-32A D}IF-33A 43738 140025 
Si02 64.73 64.60 65.00 64.99 66.17 
110 0.00 0.02 0.00 0.02 0.03 
A1203 18.54 18.61 18.97 20.10 19.72 
FeOx 0.11 0.00 0.06 0.06 0.16 
MgO 0.01 0.00 0.01 0.02 0.02 
BaO 0.04 0.21 0.21 0.09 0.05 
CaO 0.00 0.02 0.07 0.83 0.22 K20 15.82 15.19 1164 7.41 5.35 
N&20 0.75 1.35 3.02 6.48 8.28 
Total 100.00 100.00 99.98 100.00 100.00 
An 0.0 0.1 0.5 5.6 1.6 
Or 95.5 91.8 80.3 50.3 38.6 
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Figure 4.1 
Lower plot shows the lower half of the Or-Ab-An system. The area noted is enlarged 
above. Analyses plotted are those given in table 4.1. The numbers on the points 
correspond to the sample numbers: samples 43738 and 140025 are given their full 
titles; DHF samples are given without the DHF prefix and sample suffix (all are A 
except 15C). Tie lines are given only in three cases as more would have confused 






Errors were calculated on two days (standard dates) with specific elements being 
calculated on the analyses given. Calculations were carded out using the following 
formula: 
Error (%) 	= 	100 
'IT(1R4R8) 
where T = time on peak ('lOs), R= peak count rate and FI B = background count rate. 
Detection limit (%) = (3/M)4(R B/Ta) 
where M = (element peak count in standard/time on peak in standard (40s)/% 
element in sample), TB= sample background count time (20s) and R 9= background 
count rate. 
cM.cu..A110N OF MICROPROBE ERRORS 
Ma1 Standaid 
E)emetrd I1umber Date Oetin Error  
K 27N1 P 25'1(W90 0.02 0.48 
3A& 16'I0/90 0.02 0.58 Na 27N1 P 25(1 (Y90 0.01 3.31 
3A'ST 1s'10/90 0.01 1.15 
Ca 32Af1 P 25'I0'90 0.02 439$ 
3N5T 1&1&90 0.02 9.71 
Ba 32AfIP 2&10% 0.05 38.44 
3A/5T M10/90 0.04 249 
FA9 27N1P 25'1090 0.01 105.59 
3A/5T 16'10/90 0.01 3023 
Ti 32Af1P 25'10W90 0.02 88.59 
3N5T 16'10/90 0.01 2924 
J 27Afl P 25'1G90 0.01 037 
3Af5T 16'1090 001 035 
Fe 27N1 P 25110190 0.02 6.00 
3A15T 1&'10W90 0.02 15.61 
Si 27N1P 2&10/90 0.02 024 
.3A/5T 15110190 0.02 024 
Where De&ii detoc6cn kn (wt %) 
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Figure 4.2 
(a) 	Wilcoxon Matched-Pairs Signed-Rank Test: 
Worked Example: CaO 
Null Hypothesis (Ho) set up: RThere  is no difference between the CaO abundances in 
the pristine feldspars and the turbid feldspars'. The, measured abundances (wt % 
CaO) may now be compared. 
Sample Turbid Pristine D 
DHF-3A 0.15 0.10 0.05 
DHF-4A 0.02 0.18 -0.16 
DHF-6A 0.11 0.11 0.00 
DHF-15C 0.00 0.01 -0.01 
DHF-16A 0.00 0.01 -0.01 
DHF-17A 0.16 0.01 0.15 
DHF-19A 0.01 0.01 0.00 
DHF-22A 0.28 0.06 0.22 
DHF-26A 0.01 0.01 0.00 
DHF-28A 0.00 0.00 0.00 
DHF-32A 0.68 0.02 0.66 
DHF-33A 0.12 0.07 0.05 
43738 1.03 0.83 0.20 
140025 0.11 0.22 -0.11 










Total of each sign: -ye = -14; +ve =40 
Where 0 is the difference (Turbid - Pristine). Rank of D is given with the sign of the 
rank, smallest 1, highest (in this case) 10 (given as N below). Zero difference given 
no rank. Ties take the average rank which would otherwise be assigned (i.e. 3.5 in 
this case is a be in the 3rd smallest. This then averages 3rd and 4th rank and the 
next rank given is 5). The smallest total (T) of ranks of one sign, +ve or -ye, is then 
compared with the T,,ftw  values in tables. The sign of the T is ignored. 
In this case T (at 95% confidence) is 8 and T is 14. T is greater than T crk and Ho is 
accepted. 
,' {b) Results of Test on all Oxides Analysed 
Oxide N T TCrft 
S102 14 42 21 
A1203 14 31 21 
FeOx 10 12 8 
BaO' 13 31 17 
CaO 10 14 8 
1<20 14 46 21 
Na2O 14 49 21 
Ho accepted in all cases: There is no difference between abundances in turbid and 
pristine feldspars._  
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Plots of mean elemental abundances in turbid areas against abundance of the same 
element in pristine areas. Solid lines across plots show a ratio of abundances of 1:1 
in pristine and turbid areas i.e. the same abundances in both. Figure 4.3(c), Fe oxide, 
plots FeO: see text for explanation. 
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Pristine Analyses (wt %) 
A 
Results 
From figure 4.1 it can be seen that the majority of the crystals analysed had 
very low An contents with any variations between turbid and pristine areas being 
restricted to changes in the Ab to Or ratio. It was thought that this variation might be 
systematic with changes from pristine to turbid being mirrored in changes of the 
chemical composition of each areas. 
This hypothesis was tested on all the elements analysed, except Ti and Mg, 
using the Wilcoxon Matched Pairs Signed Rank Test (Seigel 1956, pg 74). This tests 
whether each element varies consistently between pristine and turbid feldspars 
throughout all the samples analysed (e.g. is always higher in turbid areas and lower 
In pristine areas). A worked example and the results of the test for each element is 
given in figure 4.2. Ti and Mg were not used as their abundances were so low that 
they were usually found in abundances at or beyond their detection limits on the 
apparatus and consequently had large errors attached (table 4.2). Fe oxide was 
calculated as FeO. Although Fe2O3  is more usual in alkali feldspars the apparatus 
used can only calculate Fe as FeO. For a comparison between two areas (turbid and 
pristine) this distinction is not important but in order to highlight this Fe is quoted as 
"Fe oxide". 
From the results of this test it can be seen that no systematic change in 
composition between pristine and turbid feldspars was noted in the major and minor 
elements analysed. Any changes that are found are not always one way i.e. a 
particular element may be higher in abundance in pristine than in turbid in one 
sample but lower in another. Indeed for most elements there is often very little 
change. Figure 4.3 shows the changes in composition between the pristine and 
turbid areas graphically. 
From the BSE work carried out in 3(a) it can be seen that individual Or-rich 
and Ab-rich phases within the deuteric perthites of turbid areas are commonly around 
1 O-2Ojim across. The beam from the electron microprobe however is only around 
21.tm in diameter. It was hoped to combat this by using photomicrographs to locate 
the analyses accurately in mixed Ab/Or regions of the crystal. As no systematic 
differences were seen it is unclear whether they do not actually exist in the crystals 
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/ 	or whether the experimental method was at fault. Each analysis may only have 
7 analysed one of the phases in the perthite leading to end member' compositions for 
the Ab and Or phases in the coarsened perthites and not mean values for pristine 
and turbid areas. The scale of the perthites in the pristine areas means this problem 
does not occur in their analyses. To be more confident in the results would require 
therefore a very large number of points in order to reach a representative mean 
	
I 	composition. 
In summary therefore although some variations in composition within crystals 
were detected it could not be related to the change from pristine to turbid feldspar 
and was not systematic. It cannot however be determined whether this is due to the 
limitations of the technique or is a true feature. Ferry (1985) noted that on a study of 
rocks from Skye, the changes from pristine to turbid in alkali feldspar were, in terms 
of major elements, isochemical. He did however detect a change in the 8 180 value 
(see later). 
Ion Microprobe Study 
Whereas the electron microprobe carries out essentially point analyses (2im 
diameter analyses), the ion microprobe analyses a wider area of around 35jtm in 
diameter. As has been noted, the separate Or and Ab rich phases in the coarsened 
patch perthites are normally on the 10-20i.tm scale and it is unlikely therefore that an 
Ion microprobe analysis will be from Or and Ab rich areas only. It is thought likely that 
the analysis will take in both phases and will therefore lead to more representative 
analysis of the whole turbid area of the crystal. 
Elements Chosen 
The minor and trace elements selected for this study were chosen for three 
important reasons. The first reason was whether or not they had previously been 
recorded in alkali feldspars, particularly if previously recorded in the same suites as 
the present samples were taken from. Second, those elements which were important 
in feldspar and in whole rock processes were also noted. Third, some elements are 
known to be more easily analysed on the ion microprobe than others and this, along 
with whether the previously recorded abundances were within the ion probes limits, 
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placed the third major constraint on the choice of elements. Those chosen would 
need to be those which would give the optimum results when analysed. From this a 
list of twelve elements to be analysed was drawn up. In the following discussion 
much of the information is drawn from the review of chemical substitutions in natural 
feldspars by Smith and Brown (1988). 
Beiyllium. This was known to occur in the Klokken pluton (samples 140025 
and 43738 in the present study) in concentrations of <1 ppm (Mason et al 1985 in an 
ion microprobe study). This level of abundance however did not allow them to detect 
any systematic variation of Be within the pluton. It has also been noted that alkali 
feldspars tend to contain less Be than coexisting plagioclases with typical values 
being <2 to around 1 2ppm (Smith and Brown 1988). The highest reported values are 
around 26ppm (Luecke 1981) in granites from the Leinster Complex, Ireland. 
Boron. Like Be this was studied in Klokken by Mason et al (1985) and 
occurred in similar abundances. B occurs in the rare feldspar reedmergnerite 
(NaBSi308) in situations where B has been concentrated by solutions In sediments 
(Smith and Brown 1988). Desborough (1975) noted up to 600ppm In authigenic 
feldspars from Green River, Colorado, USA. It might be expected therefore that B 
would be concentrated in the any areas which are thought to have been affected by 
fluid interaction. 
Magnesium. Mason et al (1985) found Mg in concentrations of between 2-
1 8pprn in pristine alkali feldspars from Klokken. Turbid areas however commonly 
yielded more Mg. They also noted that it was the only trace element, whose 
abundance could be measured accurately, which did not show systematic variation 
resulting from in-situ fractionation of the single magma pulse forming the intrusion. 
Mg abundance in feldspars is thought to be dependent on the Mg content of the host 
magma (Smith 1983). 
Titanium. It is generally assumed that Ti occurs in feldspars as 1i ions in 
the tetrahedral sites replacing Si 4  or AP (Smith and Brown 1988). Mason et al 
(1985) found that in pristine alkali feldspars Ti ranged between 50-900ppm. A turbid 
area in the same feldspars yielded 1917ppm which they considered to be due to 
localized deutenc interaction with an ilmenomagnetite crystal. A decrease of Ti in 
pristine feldspar with stratigraphic height in the intrusion was attributed to Ti and Fe 
oxides crystallizing contemporaneously with the feldspars and depleting the residual 
liquid in Ti. 
Rubidium and Strontium. These were noted by Mason et al (1985) to vary 
systematically, along with Ba, in the Klokken intrusion. Ba and Sr were found to 
decrease (between 6000 -100 and 500 - 20 ppm respectively) and Rb to increase 
(between 30 and 150 ppm) with stratigraphic height and as a result of fractionation. 
All three are elements whose level in the crystallizing melt is controlled by feldspars 
with Sr exhibiting a strong tendency to partition towards the feldspar phase (Smith 
1983b), Rb less so. Primary variations of Sr are controlled by the original 
composition of the parent magma (Smith and Brown 1988). This variation is further 
altered by Rb in perthitic feldspars strongly favouring the K-rich phase to the Na-rich 
phase (Mason 1982). As the 87Rb-87Sr radiogenic decay system is the most widely 
used in petrological studies (Cox et al 1979), any variations in the concentrations of 
these elements, as a result of textural changes brought about by micropore formation 
and perthite coarsening, may lead to discrepancies in the age data obtained. 
Zirconium. This is found in feldspars in concentrations varying between 1 
and 1000 ppm and while this variation may be due to the incorporation of zircon 
crystals, primary variations may be due, as with Sr, to variations in the parent magma 
(Smith and Brown 1988). At these concentrations Zr is easily detected on the ion 
microprobe and therefore any variations, whether due to concentrations of zircons or 
variations within the feldspars, are easily observed. 
Barium. Ba is divalent like Ca with a similar ionic radius to K and forms a 
barium feldspar (BaAI2Si2O8  - Celsian) which is very similar in structure to K feldspar. 
Sanidine varies continuously through high hyalophane (mixed alkali and Ba feldspar) 
into celsian (Deer et at 1966; Smith and Brown 1988). Most alkali feldspars contain 
1000 to 10000 ppm barium although a wide range of concentrations have been noted 
in granitic and syenitic bodies (Mason et at 1985) and adulanas (Smith and Brown 
1988). 
Rare Earth Elements: Lanthanum, Cerium, Neodymium, Europium. Rare 
earth elements are among the most widely quoted group of trace elements in studies 
of petrogenesis. Feldspars differ markedly from other common igneous minerals in 
that they tend to incorporate light rather than heavy rare earths and have a distinct 
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preference for divalent Eu compared to the remaining rare earths (Cox et al 1979). 
This leads to the distinctive positive Eu anomaly found in rare earth studies of 
feldspars. Most rare earth studies are done by bulk feldspar analyses (Smith and 
Brown 1988) and take no account of textural variations within the crystals. It is 
important to investigate therefore whether the development of micropores and the 
deuteric coarsening of perthites affects the concentration of these elements. 
Operation of the Ion Microprobe 
Generation of Signal. The machine used in this study was the same as used 
in the 180 impregnation study (section 4(a)) namely a Cameca ims 4f Ion 
Microprobe. A sketch outline of the instrument is given in figure 4.4. 0 - ions are 
generated in the duo-plasmatron which then uses an accelerating voltage of - 
10.63kV to emit a beam of ions. This beam is then passed through the primary 
magnet, which forms a 0 - beam by removing any heavier or lighter ions (eg 02, OH - , 
02-). The beam then passes through three lenses which focus It onto the sample 
which is held at -r-4.5kV (the 0 beam thus hits the sample with -15.1 3keV) and has a 
sample current of 8nA. The immersion lens then accelerates positive ions away from 
the sample through the transfer lens which focus the ions into the mass 
spectrometer. From here the ions pass through the electrostatic prism which 
separates ions of differing energies. During normal operation the high energy ions 
are collected as this allows any molecular, low energy, species to be reduced. The 
magnetic prism then splits the beam on the basis of mass and charge and the ions 
are passed onto the fluorescent screen or into the electron multiplier for counting. 
In the case of the Cs gun used in the 180  experiment earlier (section 4(a)) 
the sign of all the voltages is changed to allow negatively charged ions to be imaged. 
In a similar way to the electron microprobe, the areas to be analysed were 
located by means of optical photomicrographs. 
Corrections. Of those elements studied in the present work 9Be+ is interfered 
with by 27AP although the two peaks can usually be resolved. 85Rb is interfered with 
by Fe and Si in various combinations of isotopes. The amount of 56 Fe + 285i (mass 
84) is analysed and from isotopic abundances the expected amounts of the other 
combinations of Fe and Si are calculated and subtracted from the 85 Rb peak. 13813a 
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Simplified drawing of Cameca ims 4f Ion Microprobe hardware showing only those 
parts mentioned in text. For full description of operation see text. Redrawn after 




has La and Ce interference but as these are analysed separately they can be 
removed from the 13813a peak. BaO similarly interferes with both 15 'Eu and 15 Eu 
peaks but can be resolved via the solution of simultaneous equations. After these 
corrections we are left with a count rate which must then be converted into 
concentrations. 
Concentrations. These are calculated from the relative ion yield (AIY) as 
shown on figure 4.5. The standard employed in this calculation is a synthetic glass 
(NBS 610) of known composition. The major assumption made in this calculation is 
that the RlY,d = RlYsanv ie. Although this is not the case there is no better way of 
deriving the concentrations without a standard of a similar matrix. Relative variations 
between pristine and turbid feldspar will however be accurately shown even although 
absolute abundances may be inexact. 
Results 
Feldspars from twelve rocks were chosen for this study and the results of the 
ion microprobe analyses are shown in figure 4.6. Perhaps the most obvious 
observation which can be made is that pristine and turbid areas of the same sample 
do not have the same minor and trace element signature. It appears that the 
concentrations of various minor and trace elements are markedly disrupted by the 
change from pristine to turbid feldspar and the associated formation of micropores. In 
many cases the points analysed in the pristine feldspar show very little variation for 
each element resulting in a very narrow plot for all the elements. Turbid areas 
however, tend not to show a tight grouping but show more variation, the abundances 
in turbid areas are also often higher than that found in the pristine feldspar. While it 
may be that some of the variation noted in the turbid analyses may be the result of 
elements partitioning preferentially to one or other of the perthite phases (see Mason 
' 1982), it is felt that the experimental technique employed will have reduced this to a 
minimum. Those analyses in which the turbid and pristine traces are separate and 
not overlapping cannot have been formed by partitioning and it is thought that these 
and the wide scatter of concentrations noted in the turbid analyses, at least in part, is 





Calculation of Ion Microprobe Concentrations 
In the Ion Microprobe studies we have used relative ion yield (RIV) to calculate 
concentrations. Ion yield is defined as 
IY = CPS/CONG 
and RIY is defined as: 
MY = (CPS/CONC)x 
(CPS/CONC)reference 	 [equation 1] 
where CPS =counts per second 
CONG = concentration 
x is the element under analysis and reference is an element whose concentration is 
known from other means. In this case Si concentration as determined by the electron 
microprobe was used. 
If we assume RIY.d = RIY JØ  then we arrive at: 
f(CPS/CONG)x 	) 	 = 	((CPS/CONC)x 
((CPSICONC)ref) ,Lndwd ((CPS/CONG)ref 
[equation 2] 
The only unknown in this is the concentration of x in the sample. We know that 
RlYp arcj = (CPSICONC)x) 
lYmf) 
and can therefore substitute this into equation 2 and solve this for CONGx: 
CONCx 	= GPCx 	x LU 
(IYr&),,.p i 	 (RIY)sgj 
Custom designed software is used to perform these calculations. 
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Figure 4.6 
(a) to (I) show concentrations in pristine areas (green) and turbid areas (red) 
compared. The spread of the concentrations for any one element are derived by 
plotting all the analyses carried out of a particular type (turbid or pristine): a wide 
band corresponding to differences in abundance between analyses and a narrow 
band indicating that the abundances were relatively similar in each analysis. In each 
sample 3 analyses were carried out in both turbid and pristine areas making a total of 
6 analyses for each sample. The tick on the vertical line gives the third analysis for 
the turbid feldspar. Eu was not analysed in samples DHF-3A and DHF-6A. 
DHF-3A = Cruachan granite 
DHF-4A = Ben Nevis granite 
DHF-6A = Loch Ainort granite 
DHF-1 5C = Correnie granite 
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Figure 4.6 (cont) 
DHF-16A = Skene granite 
DH F-1 7A = Hill of Fare granite 
DHF-19A = Ballater granite 
DHF-22A = Peterhead granite 
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Figure 4.6 (cont) 
DHF-26A = Kinsteane granite 
DHF-32A = Cheeswring granite 
43738 = Klokken laminated syenite 
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From the behaviour of the elements in all the samples analysed, although the 
differences are in places rather indistinct, they can be tentatively divided into four 
groups. B, Mg, Sr, La, Ce and Nd are found consistently in higher, and often more 
variable, concentrations in the turbid areas than in the pristine areas. Rb is found in 
much more variable amounts and normally in lower concentrations in turbid areas 
than in pristine areas. Be, Ti and Zr do not display any marked differences between 
pristine and turbid areas but display a slight preference for turbid areas. Ba and Eu 
do not display any preference and occur in concentrations which do not appear to 
differ between pristine and turbid areas. 
While the above represent summarised observations for all the samples, the 
behaviour of the elements in some of the samples does not follow the general 
patterns. The exact nature of the fluids which brought about the changes in texture 
and the starting composition of the feldspars in each of the samples are both likely to 
have been different and will have exerted some constraints on the changes possible 
and may have resulted in the deviations form the general patterns observed. 
Discussion 
Mason et al (1985) did not find any preference for Be to concentrate in turbid 
rather than pristine feldspars in the Klokken intrusion. In many cases (including the 
Klokken samples) the present analyses reached higher concentrations than this 
earlier work but only rarely was a preference for the turbid areas noted. 
As was noted earlier (see text on reasons for choice of elements used in this 
study) B has been found to be concentrated by solutions in sedimentary rocks. 
Deuteric perthite coarsening and the formation of micropores are thought to occur at 
low temperatures (400-450C - see Part 1) and a similar process of concentration 
may therefore be occurring here. The results for Mg confirm earlier observations 
(Mason et al 1985) that Mg was found in higher concentrations in turbid rather than 
pristine areas. 
The increase in 11 concentrations found by Mason et al (1985) in turbid areas 
when compared with pristine areas has been confirmed in the Klokken samples. In 
other samples, although some variation did occur no systematic increase was noted. 
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Rather Ti found in turbid areas occurred in more variable concentrations. It is 
impossible to say, as Mason et al (1985) did, that in these cases the variation was 
due to fluid interaction with nearby Fe/Ti oxides. 
No previous variations have been noted for Sr but in this study it appears to 
be concentrated in the turbid areas. It is interesting to note that Rb was the only 
element which appeared to favour the pristine areas (confirming the observations of 
Mason et al 1985). The combination of Sr increasing and Rb decreasing will 
obviously lead to changes in the ratio of the two with possible effects on any 87 Rb-
87Sr age dates which do not consider the microtextural changes in the feldspars. It 
has been suggested (Duane DK and Kruger FJ, GAL special issue on Chapman 
Conference, in press) that the low 87Rb-87Sr ages found in the Kaapvaal Craton are 
due to disruptions of this type brought about by penetrative brines. Matheney et al 
(1990) suggested that fluids penetrating alkali feldspars at low tempeiatures 
(<300C) could leach and exchange Sr and Rb leading to low 87 Rb-87Sr ages and 
Lutz et al (1988) noted that the scale of Sr transport in migrating fluids was likely to 
leadjatterations in the 87Rb-87Sr ratio in Egyptian syenites. 
Zr was found consistently to be in higher concentrations in turbid rather than 
pristine areas. This cannot be due to a concentration of zircons, as was suggested 
by Smith and Brown (1988) as an explanation for high Zr concentrations in feldspars, 
as this would require reprecipitation of a high temperature mineral at low 
temperatures (Deer et al 1966). 
Ba was one of only three elements which did not show a preference to either 
turbid or pristine feldspars and in many cases displayed an almost identical 
concentration in both. 
	
Of the rare earth elements only Eu was not found to be preferentially 	(7 
concentrated in the turbid areas. Feldspars are known to concentrate light rare 
earths (Cox et al 1979) and this may explain the increase in La, Ce and Nd. It does 
not however explain why Eu, which is incorporated into feldspars in preference to all 
other rare earths, does not appear to change in concentration. In many cases this 
/  was confirmed by Eu being found in higher amounts in the pristine feldspar than the 
other rare earths analysed. In the turbid areas Eu does not change whereas the 
others are increased in concentration. The plots obtained for many of the samples 
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may be due to the fluids being depleted in Eu, which had been removed during the 
initial growth of the feldspars, but contained excesses of the other rare earths, 
possibly removed from other minerals, which were taken up by the feldspars. 
The Loch Ainort Granite, Skye (sample DHF-6A) was studied by Ferry (1985) 
who noted that the turbid feldspars had changed their 8 180 isotopic composition (see 
below) but, in terms of major elements, had changed isochemically from pristine to 
turbid. This conclusion would have been borne out in the present study if the major 
elements only had been considered (see earlier). However changes in microtexture 
are accompanied by changes in minor and trace elements. Klokken (sample 43738) 
is thought to have had a late alkaline fluid (Parsons and Becker 1986) which we 
would expect to be enriched in incompatible elements. When this percolated through 
the syenite this could lead to the increased concentrations of trace elements in the 
deuterically altered, turbid areas. 
In order to move elements around to the extent noted in the present study 
fluid interaction of some kind is required. As in most cases the concentrations of 
elements has increased it would appear that the fluids have introduced the trace 
elements to the feldspar and we might therefore expect to find deposits of secondary 
phases within the micropores (see Section 4d). Only Rb appears to have been 
removed from the feldspars. Those elements which were consistently higher in 
concentration in turbid rather than pristine areas must have had the excess brought 
in by the fluids. Those however which occurred in concentrations bracketing the 
pristine value may have involved the redistribution of elements already present in the 
feldspar: lower concentration areas having lost trace elements to the areas of higher 
concentrations. Although it may seem likely, there is no way to determine whether 
the change in trace element concentrations occurred contemporaneously with the 
change in feldspar texture orwhether they were concentrated subsequently via fluids 
utilising the interconnected micropore network demonstrated in section 4(a). As has 
already been noted although some variation may be due to the elements partitioning 
between the perthite phases, the experimental technique employed will have enabled 
a mean composition for the turbid areas to be obtained and will have reduced this 
effect to a minimum. The concentration of elements in the turbid areas is perhaps 
best illustrated by those analyses in which the turbid analyses are more scattered but 
are consistently greater than the corresponding pristine area (see for example Nd in 
sample 43738, Mg in DHF-19A, B in DHF-6A). 
Oxygen Isotope Study 
Much of the preceding evidence suggests that fluid interaction may be 
important in the formation of micropores and turbidity. In order to test whether the 
interaction of a fluid could be observed it was decided to carry out an oxygen isotope 
study on the Klokken samples. These were chosen as this is the most intensely 
studied pluton used in the current project (see Parsons and Becker 1987 for review) 
and individual feldspar crystals displayed large pristine and turbid areas. If meteoric 
waters were involved in the alteration this would result in a different 8 180 signature 
for the turbid and pristine areas. 
Experimental Method 
Both the Klokken samples used previously in this project (140025 and 43738) 
were used along with a further laminated syenite sample, 140130. The Klokken 
syenite intrusion is 4x3km across with, moving from the outside to the inside, an 
outer sheath of gabbro, a zone of unlaminated syenite and layered core of 
interbedded granular and laminated syenite. Previous workers have noted that the 
fluid interaction history of the two members of the layered series was very different 
(Parsons 1980; Parsons and Becker 1986). The laminated syenites are thought to 
have acted as high temperature aquifers for fluids circulating within the pluton, 
resulting in numerous druses and generally turbid alkali feldspars. The granular 
syenites do not have druses and have alkali feldspars which are pristine and 
unaltered suggesting they were relatively impermeable. For this reason laminated 
syenites with mixed turbid and pristine crystals were chosen for this study. 
Feldspar separates, in the size range 220-200tm, were prepared using 
standard heavy liquid and magnetic separation techniques. Hand picking using a 
microscope was then used to obtain turbid and non-turbid samples. This resulted in 
three samples being available from each rock: (1) Whole feldspar (2) Turbid feldspar 
(3) Pristine feldspar. While every effort was made to ensure the pristine samples did 
not contain turbid material, some contamination was inevitable. 
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Table 4.3 
Oxygen Isotope (6180%) Results. 
Sample 140025 
Whole Feldspar 	Turbid 	Pristine 
4.145 	 4.558 4.729 
4.166 3.826; 	4.747 
Sample 140130 
Whole Feldspar 	Turbid 	Pristine 
4.871 	 5.635 5.291 
5.606 (4.641 	5.348 
Sample 43738 
Whole Feldspar 	Turbid 	Pristine 
5.783 	 5.097 5.297 
6.714 
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Isotopic analyses were carried out at the Scottish Universities Research and 
Reactor Centre (East Kllbride) with several repeats being carried out on each sample 
(shown on table 4.3). Approximately 10mg of feldspar separates were placed in a 
solid nickel reaction vessel. The feldspar was then reacted with a small amount of 
CIF3  at 200C, in order to drive off any moisture (which was then pumped away), 
before further CIF 3  was added and the vessel heated to 670C for 12 hours. After this 
time all the feldspar had reacted to form oxygen, halides (KF, NaF, AI17 3 , SiF4(9) ), 
halogens (eg F2) and halogen compounds (eg CIF). The vessels were then opened 
into an evacuated line and the evolved gases passed through various traps to 
remove impurities from the oxygen: (a) A liquid nitrogen cooled trap to remove CIF, 
SiF4  and unreacted reagent; (b) Solid KBr to remove F 2 as KF (Br2 evolved in this 
process was removed in a second liquid nitrogen cooled trap). The resultant gas was 
reacted to completion with a red-hot carbon rod, forming CO2  which was frozen out 
using liquid nitrogen. Any non-condensable gases were pumped off. This left CO2 
which was then drawn off and analysed in a mass spectrometer to determine the 
ratio of C 1602 to C 1802 . 
Results 
If the transformation from pristine to turbid feldspar was brought about by the 
interaction of meteoric waters we would expect the turbid samples to have a lower 
8180 than the pristine samples. The whole feldspar would give intermediate values. 
The results obtained are shown on Table 4.3. 
From this table it can be seen that the major problem encountered was the 
reproducibility of the results. None of the data shown could be discarded with respect 
to any other criteria, such as low yields or contamination, and had therefore lobe 
included (many other results were removed on these grounds). The lab considered 
that the reproducibility of their technique was ±0.02 0/o, a claim which was not borne 
out by the results obtained (this problem has also been encountered by other 
workers (Finch 1990) who considered ±0.2% to be a more reasonable value). 
From the results obtained, taking into account the problems with 
reproducibility, any small variations between turbid and pristine areas are unlikely to 
be visible. In none of the cases does the bulk feldspar plot between the turbid and 
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pristine samples as expected. It is possible to note, however, that some of the results 
do plot below the values expected for primary magmatic waters (<8 1800/o. _.5, 
Sheppard 1986) suggesting some meteoric interaction with the rocks. It may also be 
noted that the values obtained for sample 140025 are normally lower than those from 
either 140130 or 43738 (61801/c, 3.83-4.73 compared with 6180% 4.64-6.71) 
although some overlap does occur. 
Discussion 
The results obtained agree with previous oxygen isotope (Sheppard 1986) 
and petrological (Parsons 1980) studies on the Klokken intrusion, which found that 
the main hydrous fluid was primary magmatic in origin. The fact that the present data 
are slightly below the values expected for pure primary magmatic fluids suggests that 
a very slight meteoric influence may have been involved, particularly in sample 
140025. 
As there is no variation in the 6180 signature between the turbid and non-
turbid areas from the same sample little can be said about the fluid bringing about 
the deutenc alteration except that it did not differ greatly in character from the fluids 
present at higher temperatures. No large ingression of meteoric water occurred. This 
contrasts sharply with work done on Skye granites (Ferry 1985) where the turbid 
alkali feldspars have a meteoric signature (6180 -2 to -6) in contrast with the pristine 
feldspars which were primary magmatic (6 180 7 to 8). In the context of the present 
study Ferry's work is more useful in that it provides evidence that a deutjic fluid may 
indeed have been central in bringing about the changes in the feldsi us. - 
Conclusions 
From this work an important observation can be made. The change in alkali 
feldspars from pristine, non-microporous strain-controlled perthites to turbid, 
microporous patch perthites is accompanied by large changes in the chemical nature 
of the mineral. It would seem however that, as was found by earlier workers (Ferry 
1985), these textural changes are isochemical with respect to major elements though 
not with respect to trace elements. 
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Although the 8 180 study carried out here did not yield useful results with 
respect to textural changes, by reference to Ferry (1985) we can see that in at least 
one of the rocks in the present study (DHF-6A: also studied by Ferry) the changes 
were accompanied by an isotopic change brought about by equilibration with a low 
temperature (-450YC) deuteiic fluid of meteoric origin. It may therefore be suggested 
that the changes observed in the other samples were also the result of interaction 
with a low temperature fluid, whether primary magmatic or meteoric in origin. As has 
been noted earlier however nothing can be said about the relationship in time 
between micropore developmentlperthite coarsening and the bulk chemical changes. 
It seems likely however that some of the changes in composition noted are 
contemporaneous with a the textural changes. 
In trace element studies the interaction of fluids is generally detected by 
isotope chemistry (Cox et al 1979). In the case of the Klokken study, although the 
trace element signature of the rocks had been altered, 8 180 was not. It is obvious 
therefore that any trace element study involving feldspars which does not consider 
the textural history of the minerals and whether any changes relate to fluid interaction 
runs the risk of inaccurate interpretation of its data. 
4(d) Micropore Contents 
In an earlier section the presence of phases within the micropores has been 
noted (secondary electron images of Kaolinite "books" (plate 2.8a) within micropores; 
BSE images of filled pores in a sandstone (plate 3.18) and TEM images of inclusions 
(plate 3.34)). Previous workers also referred to micropores as "fluid inclusions" (eg 
Folk 1955; Roedder and Coombs 1967; White and Barnett 1990; Giletti 1991). In 
order to study the presence of other phases within micropores, different techniques 
need to be employed for solids and fluids. The techniques used for each type of 
inclusion will be discussed separately. 
Solid Inclusions Within Micropores 
Along with those included phases described earlier in this thesis other 
workers have also described the presence of non-feldspar phases in micropores. 
Guthrie and Veblen (1991) using TEM noted the presence of rare inclusions of NaCl 
and oxides and sulphides of, most commonly, Fe but also Mn, Cr, Ti, Cu, Zn, Ni and 
Mg. Clays such as kaolinite are common products of hydrothermal alteration, 
diagenesis (Deer et al 1966) and weathering of feldspars (Rodgers and Holland 
1979). Metal oxides and sulphides are not. It would seem likely therefore that the 
micropore network may be allowing percolating fluids not only to grow new feldspar 
and clays but also to precipitate, possibly through concentration, trace metals within 
the micropores. As was noted in section 4(c) trace element chemistry is disrupted by 
the formation of micropores and the change in perthite style. Precipitation of new 
phases would seem to be an obvious explanation for the increase in trace elements 
in turbid areas. 
Technique 
Under back scattered electron imaging (BSE) elements with high atomic 
numbers cause any parts of the image they are concentrated in to give off a stronger 
BSE signal and consequently result in brighter images than areas with low atomic 
number (ie BSE images the atomic number or Z contrast - a full review of back 
scattered electron imaging theory is given in Lloyd 1987). As a result of this metal 
oxides and sulphides show up as bright spots in front of a background of alkali 
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Table 4.4 
Elements Detected in Non-Feldspar Phases in Micropores 
Sample Analysis No. 	=== Elements Detected 
DHF-3A - Cruachan 1 	=== Na, S, Pb 
2 === S, Ca, Ba 
DHF-6A - Loch Ainort 1 	=== Na, Cl 





2 === Cl,Ag 
3 	=== S,Ag 
4 === S,Ag 
DHF-1 7A - Hill of Fare 1 	=== Fe 
2 === Cl, Fe 
3 	=== Fe 
4 === Fe 
DHF-1 9A - Ballater 1 	=== Fe 
2 === Ca 
DHF-22A - Peterhead 1 	=== Fe 
2 === Al, Fe 




Mg, Ti, Mn, Fe 
2 === Mn, Na, Cl, Ti 
3 	=== S, Ca, Ba 
43738 - Klokken (lam) 1 === Cl, Ti, Fe 
2 	=== Na, Fe 
3 === Fe 
140025 - Klokken (gran). . 	 1 	=== Fe 
2 === Fe 
3 	=== Ba,Fe 
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feldspar. BSE imaging was carried out using a Cambridge S360 electron microscope 
(Department of Geology and Applied Geology, University of Glasgow) to locate any 
bright spots, and hence possible metals, in micropores. Identification was then 
achieved via a qualitative chemical analysis obtained using the machine's integrated 
Link AM1 000 EDS analysis facility. The identification was done by first analysing an 
area of host feldspar (1-2 tim diameter spot) then analysing a similar area containing 
a micropore with an inclusion. The background feldspar was then subtracted and the 
elements not in the feldspar identified. A list of the samples studied in this way along 
with the identified elements is shown in table 4.4. 
Results 
This study was done only to determine whether or not non-feldspar phases 
were to be found in micropores from a range of alkali feldspar samples. Micropores 
with included phases were found to be rare (as with previous work, Guthrie pers. 
comm. 1990) and because of this, and the time taken to obtain each analysis, only 
relatively few were done. The results, however, provide an interesting view of what 
may be inside many micropores in alkali feldspars and confirm that micropores may 
be acting as a repository for trace elements. 
The most common metal identified in a non-feldspar phasewas, perhaps not 
surprisingly, iron. The red colouration of some alkali feldspars has been attributed to 
haematite flakes within the crystal (Hofmeister and Rossman 1983). Those samples 
which contained an iron bearing phase within their micropores were not however 
necessarily red. Also, red feldspars did not always contain an iron bearing phase. 
The small number of samples taken and the scale at which they were observed 
make any conclusions in relation to crystal colour impossible. 
Of the other phases identified several are not unexpected. Ti and Mg were 
found, in section 4(c), to be concentrated in the turbid areas and it may be that this 
variation is the result of secondary phases within the micropores. The presence of Al 
and Ca bearing phases may result from concentrations in excess to that required to 
form the small amount of anorthite (CaA6Si 208) present in the perthites (see electron 
microprobe analyses in section 4.c). Ba, although not noted in section 4(c) to 
concentrate in the turbid areas, is also commonly found in feldspars (Smith and 
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Brown 1988) and likewise the excess amounts detected could easily be deposited as 
secondary phases within micropores. Na bearing phases were also found and along 
with Cl, this may be salt which is common in fluid inclusions (Roedder 1984). 
The remainder of the elements detected in the analyses were more 
unexpected. Mn in alkali feldspars is normally found in concentrations of -20 ppm 
(Smith and Brown 1988). Any detected here therefore must have required the 
precipitation of a Mn rich non-feldspar phase. Similarly Pb is also found in most alkali 
feldspars in around 10 - 1 Ooppm. The presence of a S bearing phase along with the 
Pb in the analyses suggests that the micropores could contain galena (PbS) which, 
as it is known to precipitate from hydrothermal solutions (Deer et al 1966), may have 
been deposited by the deuteric fluid. The presence of - only S in the analyses of some 
rocks indicates that it is present as another phase also. Sn and Ag bearing 
phases are found only in sample DHF-16A where they occur with S and Cl. 
Cassiterite (Sn02) and argentite (A9 2S) are known from studies of the mineral 
deposits of Cornwall (Deer et al 1966; Sorrell and Sandström 1977; Evans 1980) to 
be deposited from hydrothermal fluids. It would seem likely that a similar process is 
occurring here though no record of mineralisation is noted for most of the plutons 
studied here (see Appendix 1/. Kneller 1987 gives a review of those samples from NE 
Scotland). In all the cases noted the identification of the phase cannot be done more 
accurately than above. In the BSE images the secondary phase in the pore is only 
seen as a bright blob. This results from the samples being polished prior to analysis 
which would have markedly altered the outline of the inclusion. 
Discussion 
Hot fluids, mainly water, play an important role in the emplacement and 
development of granitic rocks (McBimey 1984) and are known to have been 
important in the Klokken syenite (Parsons and Becker 1987). Hydrothermal 
interaction also leads to the formation of disseminated ores in igneous bodies 
(Holland 1972; Evans 1980). As it also appears likely that micropore formation and 
perthite coarsening were brought about via fluid interaction, it would not be surprising 
if ore minerals are found in micropores. The range of metallic phases found within 
the micropores suggests that micropores associated with the hydrothermal 
transportation of fluids may assist in the formation of disseminated ores. 
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Although this study has considered only briefly the non-feldspar content of 
micropores it has provided a possible location for the increased concentrations of 
trace elements noted earlier and also shown an interesting effect of the 
interconnected micropore network. Like the changes noted in trace element variation 
however (section 4.c), it is impossible to determine whether the non-feldspar phases 
were contemporaneous2r later than the micropore and coarse perthite formation. 
Infra Red Spectroscopy Study of Water Content of Micropores 
Fluid inclusions are common in many minerals, although rarely described in 
feldspars, and often contain liquid water. These are normally studied using optical 
microscopy (Roedder 1984). It has been suggested (eg Folk 1955; Roedder and 
Coombs 1967; Montgomery and Brace 1975; Ferry 1985) that the cause of turbidity 
in alkali feldspars is due to the presence of fluid inclusions. The present study has 
shown that turbidity in alkali feldspars is due to micropores which are in places 
interconnected. What has not been demonstrated is whether those pores which are 
not interconnected contain fluids, in particular water. The small size of the 
micropores (mean size -0.5tm) usually prevents normal fluid inclusion techniques 
being used in order to detect water in micropores and different technique must be 
employed. 
A technique which has been used by several workers to examine the nature 
of water in feldspars is that of Infra Red Spectroscopy (IRS). 
Introduction 
Wilkins and Sabine (1973), in a study of various nominally anhydrous 
minerals, noted that albite (from Amelia, Virginia) displayed characteristic sharp 
bands at 3400 and 3600 cm - ' (wavenumbers - a linear scale proportional to the 
frequency of the light exciting the absorbance) due to OH incorporated into the 
structure of the feldspars. They also noted that liquid water (ie water found in fluid 
inclusions) had a characteristic spectrum giving a very broad absorbance band 
centred around 3450cm-1 . This broad band is found in spectra from quartz containing 
aqueous inclusions. 
Ames and Rossman (1984) also noted the characteristic differences between 
structural water and water in fluid inclusions. They indicated that the broad band 
spectrum of liquid water is due, to a symmetric stretching absorption at 3220cm -1 and 
an asymmetric stretching at 3445cm - ' (figure 4.7). Water in the crystalline 
environment is free of the extended hydrogen bonding of liquid water and can 
therefore produce sharper absorbtions. This work also confirmed the liquid nature of 
the broad band by obtaining spectra using liquid nitrogen at 78K (-195C). This froze 
the broad band into a characteristic sharp ice band at 3200cm -1 . 
Cooling of the feldspars using liquid nitrogen was also used by Hofmeister 
and Rossman (1985a, 1985b). In these studies the broad band absorbance of a 
microcline was frozen into the sharp 3200cm-' ice band. A gem quality orthoclase 
was also studied. This displayed not only the broad band but had superimposed 
upon it sharper bands at the characteristic wavenumbers for structural water. This, 
they suggested, was due to a small proportion of the water being structurally bound. 
The spectrum of a microcline with sharp bands did not change in liquid nitrogen 
confirming that the water was structurally bound. Substitution of water (1120 not OH) 
into the M site coupled with a divalent cation substituting for K or AP+ being 
replaced by Si+ was suggested as a possible site for water in the feldspar structure. 
Beran (1986) in a study of Near Infra Red spectra (NIR), using the molecular 
H20 bands at 5150cm - ' and structural OH bands at 4550cm-1 , was able to confirm 
that the broad band detected in a sanidine (from Volkesfeld) at 3450cm - ' was' the 
result of molecular water. Beran (1987) suggested that the broad band was due to 
OH in a wide range of environments, as is found in fluid water, and not in a single 
site. 
Hofmeister and Rossrnan (1985b) and Beran (1986) both suggest that care 
must be taken in some cases when comparing the sharp, structural water bands and 
the broad, liquid water band. Freezing and NIR studies along with anisotropic spectra 
taken from crystaflographically orientated samples have shown that spectra from 
sanidine which appeared to be free of structural water contained only a small 
proportion of liquid water. This phenomenon has not been demonstrated on 
microclines and the earlier work (Wilkins and Sabine 1973; Ames and Rossman 
1984) has shown that first order estimations of the nature of the water, whether 
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Figure 4.7 
Modes of vibration of the 1120 molecule. 
Arrows indicate how each hydrogen Will 
Redrawn after Ames and -  Rossman (1984). 
Large circles - oxygen small - hydrogen. 
)e moving at a Specific moment in time. 
Method 
Polished slabs of the rocks to be studied were prepared. These ranged In 
thickness between -230pm and •lOOjtm. As no quantitative results were being 
looked for, the thickness of the sample and hence the intensity of the bands was not 
considered important as long as the sample was lR transparent. 
The apparatus used was a Biorad FTS-40 Fourier Transform Infrared 
Spectrometer (Department of Chemistry, University of Edinburgh). This apparatus 
was coupled with a Narrow Band Mercury Cadmium Telluride Detector to give a 
detection range of between 800 and 4400cm -1 . The samples were mounted in an 
evacuated chamber on a metal plate with a 1.5mm aperture over the area to be 
analysed. Areas were chosen optically to avoid obvious inclusions of non-feldspar 
grains. Background spectra were taken of the aperture alone to remove instrument 
effects. Before obtaining the spectra the chamber was left for 200s to pump down. 
Absorbance is then plotted out as -log 10 VIO where lo  is the background intensity and I 
is the intensity after the beam has passed through the sample. The samples were not 
orientated crystallographically but were random sections. 
Ideally, liquid nitrogen should be used to confirm whether the broad band is 
indeed due to liquid water. Unfortunately this facility was not available on the 
apparatus used, restricting this study to a first order estimation of the location of 
water in the feldspars (using the methods of Wilkins and Sabine 1973; Ames and 
Rossman 1984). 
Results and Discussion 
Figure 4.8 shows the IA spectra obtained as detailed above. Three groups of 
spectra may be noted: (1) those which display two sharp peaks at around 3600 and 
3300cm-' and with the broad peak at 3400cm - ' essentially absent; (2) those samples 
in which the broad water peak is still present but superimposed upon this is a sharp 
peak at just over 3600cm 1 ; (3) those samples in which the sharp peaks are absent 
and which display only a broad band centred around 3400cm -'. 
It is thought that these three groups represent a change from fully structural 
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water (group 1), through mixed structural and liquid water (group 2) to fully liquid 
water (group 3). Those samples in group 1 have already been shown to have 
experienced a very "dry" history (see section 3(b); appendix 1; Harley 1987 for 
sample 88-42; Harrison et at 1990 for sample Ri -10). Both rocks are also effectively 
micropore free. 
From the work described earlier in this thesis the other two groups cannot 
readily be separated on the grounds of either microporosity or turbidity. Members of 
both groups are turbid and members of both have high microporosities. It may be 
significant however that the sample with the highest microporosity (43738) and the 
most turbid sample (DHF-6A) are both in the group which displays no structural 
water. 
What is obvious from the work above is that the feldspars appear to contain 
significant amounts of liquid water (WL Brown (pers comm) has found up to 7000 
ppm of fluid, of which 3250ppm was H20, in sample 140025). Large fluid inclusions 
are very rare using light microscopy in the rocks studied here and it must therefore 
be assumed that the water is in the sub-optical micropores. This is not to say that 
water is the only occupant of micropores. CO2 and CH4  are among other phases 
common in fluid inclusions (Roedder 1984). Classical fluid inclusion studies of 
Klokken (samples 43738, 140025, 140115 and K89-6) by Konnerup-Madsen and 
Rose-Hansen (1982) have shown that the dominant fluids are. liquid water and CO2 
and it would seem likely that some micropores in alkali feldspars from Klokken would 
also contain CO2. It would be probable therefore that microporés in alkali feldspars 
from the other plutons studied here would also contain these other fluid phases either 
alone or with water. 
The Klokken layered syenite was represented in this study by both granular 
syenite and laminated syenite. These two rock types are interbedded to make up the 
layered core of the pluton. As was noted in section 4(c) the fluid interaction history of 
the two members of the layered series has been very different (Parsons 1980; 
Parsons and Becker 1986) with the laminated syenites acting as high temperature 
aquifers for fluids circulating within the pluton and the granular syenites remaining 




Infra-Red absorbance plots showing the diagnostic region, 3000 cm- 1 to 3800 cm-1 , 
for water in feldspars. X-axis shows wavenumbers (cm -1 x 100), y-axis show 
absorbance. Absorbance Is not given in units as due to the differing thickness of the 
samples absolute intensities are meaningless. 
Three groups of spectra may be noted: 
essentially only structural water: spectra (t) 88-42 and (s) Ri -10. 
essentially only liquid water: spectra (d) DHF-6A, (j) DHF-22A, (I) DHF-32A, (m) 
DHF-33A, (p) 140025 and (q) 43738. 
mixed structural and liquid water: spectra (a) DHF-3A, (b) DHF-4A, (c) DHF-5A, 
(e) DHF-15A, (f) DHF-15C, (g) DHF-16A, (h) DHF-17A, (i) DHF-19A, (k) DHF-26A (n) 
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(h) DHF-17A (i) DHF-19A 	 (j) DHF-22A 	
I (k) DHF-26A 
Figure 4.8 (cont.) 
CD DHF-32A 	 (m) DHF-33A 
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Figure 4.8 (cont) 
X-axis shows wavenumbers (cm -i x 100), y-axis show absorbance. 
Notice the four Klokken syenite samples (n) - (q). The two granular syenites display a 
pronounced structural water peak at around 3600 cm -1 . This peak is not present in 
the laminated syenites. 
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being generally very turbid and while those from the granular syenites remained 
pristine. 
From figure 4.8 (n), (o), (p) and (q) we can see that the two types of syenite 
also have two types of IA spectrum. The laminated syenites show no evidence for 
structural water and have a wholly liquid water spectrum (whether the structural water 
is present in small amounts which are masked by the liquid water is unknown but 
would appear likely). The granular syenites, while showing liquid water, both show a 
very well defined structural water peak. As we know that the granular syenites do 
have some micropores, albeit very much less than the laminated syenites, it would 
seem that there is a large proportion of the water in the granular syenites contained 
within the feldspar structure with some being present as liquid water in the 
micropores. In comparison the laminated syenites contain many more micropores 
and their spectra would suggest that either they contain more water which has 
resulted in the masking of a reduced structural water content or any structural water 
which may have been present has exsolved from the structure and is now present as 
liquid water in the micropores. This result is consistent with the 8180 study described 
in section 4(c) and Sheppard (1986) where it was found that the fluids in the Klokken 
pluton were mainly primary in origin. It would seem, as suggested by Worden et al 
(1990), that much of the water was originally in the feldspars and has exsolved as a 
result of some external stimulus. This will be discussed further in Part 5. 
PART c 
MODE OF MICROPORE FORMATION AND CHANGES TO 
ALKALI FELDSPAR MICROTEXTURES 
The earlier Parts of this thesis have are concerned mainly with observations 
made on natural feldspars to characterise the physical form, the distribution and any 
chemical effects micropores in alkali feldspars may have. This part of the thesis, Part 5, 
will introduce the results of a programme of experiments studying micropore and turbidity 
formation which will then be used, along with the Information from the previous Parts, to 
propose a mechanism for micropore and turbidity formation and microtexture alteration in 
alkali feldspars. 
5(a) Experimental Study of Micropore Formation 
Experimental petrology allows the laboratory study of the elevated temperature 
and pressure conditions under which minerals and rocks formed in natural systems 
(Edgar 1973; Holloway and Wood 1988). In addition to using observations from the 
previous Parts of this study programme to try and elucidate how micropores formed, a 
programme of experiments was undertaken to try and investigate directly the change 
from pristine, non-porous feldspar to turbid, microporous feldspar. 
Experimental techniques for the growth of reasonably large alkali feldspars from 
melts have been well documented (eg Fenn 1977; Muncill and Lasaga 1988). The aims 
of the present study were to synthesize a pristine feldspar and once done, to induce this 
crystal to develop micropores and become turbid. It is necessary to make artificial 
pristine feldspars as the composition and microtextures of natural crystals cannot be 
accurately defined; e.g. there may be inclusions in cracks or fluids in high temperature 
micropores. 
Two experimental approaches were used. The first method used synthetic 
feldspars of normal compositions. Subsequently feldspars with unusual compositions, 




Method 1. Experiments Using Natural Feldspar Compositions 
From the analysis of TEM images in section 3(b) it appears that the change from 
pristine to turbid alkali feldspar is accompanied by a change in structural state from 
partly disordered orthoclase to ordered microcline. The most appropriate technique to 
use would be to grow pristine sanidine crystals (disordered, high temperature form) and 
then subject these to conditions below the sanidine-microcline transition. 
In experimental studies (reviewed by Brown and Parsons 1989), synthetic 
sanidine can be made to order to orthoclase but, in all cases, the ordering has ceased 
prior to the transformation from monoclinic orthoclase to the triclinic form microcline. This 
phenomenon was reported in both high and low pressure experiments (Goldsmith and 
Newton 1974; Senderov et al 1981). The technique applied by Fenn (1977) involved 
growing crystals directly from a melt and it was decided to try and grow microcline 
crystals directly from a melt following this technique. 1 
The Fenn technique involved homogenizing a gel of appropriate composition (in 
this case Ab59 0r41 AnO gel, prepared by Prof. I Parsons after the method of Roy 
(1956) and Hamilton and Mackenzie (1960)) above the liquidus for a length of time 
before rapidly quenching them to a growth temperature below the liquidus and holding 
them there for a specified period. The amount below the liquidus is described as the 
degree of undercooling. These experiments were done in internally heated gas bombs 
as described by Ford (1972). Table 5.1 shows the results of this study. 
From the results it can be seen that although the attempts to grow pristine 
sanidine crystals (plate 5.1) were successful, the attempts to grow microcline resulted 
only in glass being formed. It was decided therefore to abandon this approach in favour 
of the potentially more informative KGaSi 308 and KFeSi308 feldspars. 
TABLE 5.1 
EXPERMIENTAL RUNS USING NATURAL FELDSPAR COMPOSITIONS 
Run No. 	= wt % Pressure Annealing Annealing Growth Undercooling Growth = Products = H20 (GPa) Temperature Time Temperature (Celcius) Time 	== == (Celcius) (Hours) (Celcius) (Hours) 






1000 120 700 90 48 = S 





450 530 265 = G 
450 525 265 = 0 
In all cases the composition of the starting gel 
was Ab59 0r41 AnO 





Optical micrograph (xpl) of experimental run products from FDLW45 showing a large 
synthetic sanidine crystal. The crystal is pristine with only rare bubbles (top left) and 
no turbidity. 
Plate 5.2 
Secondary electron images of KGaSi 308  synthesized by Gättlicher and Kroll (1991). 
Secondary electron image of Ga-microcline. Numerous micropores can clearly be 
seen covering the surface of the grain. The shape of the micropores (best displayed 
in the centre of the image) is very similar to that found in natural feldspars. 
Secondary electron image of Ga-sanidine. This image contrasts markedly with (a) 
in that the surface of the crystal is "ice-rink" like and pristine, no micropores or 
















Method 2. Experiments Using Artificial Feldspar Compositions 
As they order much faster than KAIS60 8  feldspar, feldspars of unusual 
composition, in this case KGaSi308 and KFeSi308 , are used to model the order/disorder 
transformations in alkali feldspars. In contrast to the natural feldspar compositions used 
above, both KGaSi308 and KFeSi308  have been successfully transformed from 
disordered sanidine to ordered microcline (GOttlicher and Kroll 1991, KGaS60 8 ; Wones 
and Appleman 1963, KFeSi3O8). By using these it was hoped that experimental 
information concerning the transformation could be obtained. 
Ga-Sanidine to Ga-Microcline 
Gättlicher and Kroll (1991) used KGaS608  to study the change from monoclinic 
Ga-sanidine to triclinic Ga-microcline. In their experiments Ga-sanidine (hydrothermally 
synthesized at 800C and 0.1 GPa for 1 20hrs) was annealed at temperatures between 
400 and 700C in 2M KOH solution at 0.15GPa for between 40 and 120 days (960 and 
2880 hrs). By using X-ray diffraction and TEM they were able to show that with 
decreasing temperature they could follow the change from disordered Ga-sanidine to 
ordered Ga-microcline. Following their experiments some of the samples were made into 
thin sections and a study of these showed crystals up to 600tm in length that during the 
transformation of Ga-sanidine into Ga-microcline changed from being pristine to turbid.. 
A small amount of the experimental run products were made available to the 
writer for imaging on the SEM. The secondary electron images are shown on plate 5.2. It 
can be seen from these images that the pristine Ga-sanidine (disordered) does not 
possess micropores whereas the Ga-microcline (ordered) does. This observation would 
seem to confirm the observations made using TEM on natural samples (section 3(b)) 
that the transformation from pristine to turbid feldspar is accompanied by a change from 
disordered orthoclase to ordered microcline. 
Göttlicher and Kroll transformed a sample of the Ga-sanidine into Ga-microcline 
by re-annealling it at 400C and 0.1 GPa in tI 218O labelled 2M KOH for 960hrs and this 
run product was then imaged using an ion microprobe (the same instrument as 
described in section 4(a)) by Elphick et at (1991). They proposed that the pattern and 
degree of 180 found when imaged using an ion microprobe must have been formed by 
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solution-reprecipitationof the original crystal and suggested that this was the major 
mechanism of Ga-sanidine to Ga-microcline transformation. 
Fe-Sanidine to Fe-Microcline 
The observations made by Göttlicher and Kroll (1991) and Elphick et al (1991) 
using KGaSi308  illustrate the transformation and a possible mechanism for the change 
from pristine to turbid feldspar. In order to determine whether the mechanism proposed 
was common to other feldspar compositions a similar set of experiments were done 
using KFeSi308. KFeSi308  was chosen as the work of Eberhard (1965) and Wones and 
Appleman (1961; 1963) had shown that the transformation from Fe-sanidine to Fe-
microcline could be done experimentally and had also determined the sub-solidus phase 
relations (Eberhard) and XRD signature (Wones and Appleman) of KFeS60 8 . A second 
and more practical factor influencing the choice of KFeS60 8  was the presence of a 
supply of pure KFeSi308 gel, (as with the KAISi3O8  gel, prepared by Prof. I Parsons after 
the method of Roy (1956) and Hamilton and MacKenzie (1960)). 
The initial part of this study involved the synthesis of sufficient amounts of pristine 
Fe-sanidine for use during the remainder of the study. Once this had been achieved a 
preliminary study to examine whether Fe-microcline, as determined using XRD, could be 
synthesized and to confirm that the transformation was accémpanied by a change from 
pristine to turbid feldspar was carried out. Finally experiments were carried out in the 
presence of H2180 as a marker (as in Elphick et al 1991) to study the mechanism of the 
transformation. 
All the KFeSi308  experiments were run in sealed gold capsules in "Tuttle type 
cold seat vessels in which argon gas is used as a pressure medium (as used earlier in 
sections 4(a) and 4(b)). The operation of these types of experimental vessel is well 
documented with a detailed description of the apparatus used in this study given by 




SUMMARISED RESULTS OF KFeSi308 EXPERIMENTS 
Fe-sanidine synthesis 
Run No. 	= wt % Pressure Temperature Duration = Products 
= 1120 (GPa) (Celcius) (Hours) = 
54 	= 7.48 0.1 800 430 = S 
80 = 1.44 0.1 751-758 333 S 
81 	= 1.05 0.1 757 333 = S 
87 = 1.20 0.1 742 381 	= S 
90 	= 0.24 0.1 802 335 = S 
103 = 2.06 0.1 757-766 338 = S 
104 	= 1.01 0.1 768-785 338 = S 
Fe-sanidine to Fe-nucrodline 
Run No. = 	wt % Pressure Temperature Duration = Products 
= H20 (GPa) (Celcius) (Hours) = 
55 = 	5.69 0.1 579 336 = . M 
56 = 3.70 0.1 580 336 = M 
66 = 1.54 0.1 503 336 = M 
78 = 	4.81 0.1. 500 333 = M 
79 = 0.71 0.1 490 334 = M 
92 = 2.64 0.1 528 164 = S 
93 = 	1.22 0.1 526 164 = M 
96 = 1.40 0.1 545-549 117 = S, M 
97 = 1.60 0.1 516-521 117 	= M 
99 = 	1.30 0.1 540. 100 = M 
100 = 0.60 0.1 540 100 = S, M 
Fe-sanidine to Fe-microcline in 180 labelled water 
Run No. = 	wt % Pressure Temperature Duration = Products 
= 1120 (GPa) (Celcius) (Hours) 	= 
98 = 	0.74 0.1 545 20 = M 
95 = 0.72 0.1 525 45 = M 
106 = 3.45 0.1 528 23 = M 
107 = 	3.52 0.1 520 42 = M 
108 = 2.80 0.1 535 23 = S,M 
109 = 6.79 0.1 526 42 = M 
110 = 	3.87 0.1 520-546 48 = M 
111 = 2.99 0.1 530-546 42 = M 
112 = 2.64 . 	0.1 542 48 = M 
113 = 	2.86 0.1 510-531 23 = M 
S = sanidine, M = microcline 
Wones and Appleman (1963) and Eberhard (1965) showed that the 
transformation from Fe-sanidine to Fe-microcline in pure en4 member KFeS0 8 feldspar 
to occur at between 660 and 700C at 0.1 4G Pa (figure 5.1). To synthesize Fe-sanidine 
using the method of Fenn (1977. See method 1 above), gel was placed in the sealed 
)'  gold capsules with a small amount of water (between 0.24 and 7.5 wrY0) and heated in 
cold seal vessels to between 750 and 800*C (to ensure the run was above the solvus) at 
0.1GPa for between 350 and 450 hrs. Seven successful runs were completed. After 
quenching the sample was ground under acetone and observed optically, (using oil of 
refractive index 1.57) prior to XRD analysis. The results of this are shown in plate 5.3 
and figure 5.2. 
To ensure that the samples were stoichiometric, all the samples were analysed 
using the electron microprobe. Two sample analyses are given on figure 5.2. From these 
illustrations it can be seen that a pristine Fe-sanidine which was, within the limits of the 
electron microprobe, homogeneous and stoichiometrically balanced was successfully 
synthesized. For the subsequent experiments the samples were combined to form a 
single starting material. 
In these experiments the water added to the capsule at the start of the 
experiment was not the only water in the system. The gel readily took up water from the 
atmosphere. such that it was found that a gel dried in air at I 20C for 24hrs lost up to 6 
wt% water. In all the experiments the gel was kept in an oven, under conditions as 
above, prior to being transferred to the experimental charge. It was inevitable however 
that some water would be absorbed by the gel. During weighing of the charge the weight 
could be watched increasing as a result of absorption of water. The amount of water 
which was in the starting mix has not affected the end product as with the variation from 
0.24 to 7.48 wt% added water (which would be added to an unknown amount of 
absorbed water) the end results were the same. 
An amount of the Fe-sanidine was then placed, along with an amount of water, in 
gold capsules and heated up to between 500 and 550C at 0.1 GPa (results shown in 
table 5.2). These temperatures are well below the transformation temperatures found by 
Wones and Appleman (1963) and Eberhard (1965). The resulting experimental product's 
were then subjected to XRD examination (figure 5.3 shows the XRD trace) and optical 
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Figure 5.1 
Crystal ographically indexed peak positions and relative intensities of Fe-sanidine 
and Fe-microcline XRD spectra. Pattern numbers refer to the J.C.P.D.S. Index. 
The diagnostic peaks for differentiating the two, spectra are the 130 peak In Fe-
sanidine which splits into the 130 and 130 peaks in Fe-microcline and the 131 peak 
which splits Into the 131 and 131 peaks. The splitting of the 131 peak is used as a 




Optical micrograph (ppl) of experimental run products from FDLW80 showing a 
aggregate of pristine Fe-sanidine crystals. Although in places masked by the 
thickness of the mass of crystals, the lathe morphology of the crystals can be seen in 
the lower right of the micrograph. 
Plate 5.4 
Optical micrograph (ppt) of experimental run products from FDLW66showing a very 
turbid aggregate of Fe-microcline crystals. The turbidity present masks the 
morphology of any crystals present. The masking is worsened by iron staining which 
darkens the aggregates, most notably on the left of the image. 
Plate 5.6 
Optical micrograph (ppl) of experimental run products from FDLW95 showing Fe-
microcline grown in the presence of H 2180. As was the case in Plate 5.4 (above), the 
development of turbidity and iron staining (which is more marked in this sample) has 
led to the crystal morphology being obscured. 
Plate 
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XRD spectrum of Fe-sanidine, synthesized in run FDLW90, showing the single 131 
peak. In this and all subsequent XRD spectra the Y axis shows Counts Per Second 
(CPS). 
Shown below are electron microprobe analyses of run products from experimental 
runs FDLW54 and FDLW87. 
Electron Microprobe Analyses 
FDLW54 
Oxide Wt % Formula (Oxygen =8) 
Si02 58.57 3.02 
K20 14.90 0.98 
Fe203 25.50 0.99 
98.97 
FDLW87 
Oxide Wt % Formula (Oxygen =8) 
SiO2 58.98 3.02 
1(20 15.15 0.99 
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Figure 5.3 
XRD §pectrum of Fe-microcline synthesized in run FDLW97. The characteristic 131 
and 131 peaks of Fe-microcline can clearly be seen. 
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has changed from a glass clear crystal into a very turbid, and slightly iron stained, 
Fe-microcline. 
From the results in table 5.2 it can be seen that in all but 1 (run 92) the Fe-
sanidine has transformed to Fe-microcline. In the cases of runs 96 and 100 a small 
amount of Fe-sanidine remained. No pristine feldspar was seen optically and the 
presence of Fe-sanidine was detected using XRD. It may be that the transformation 
did not go to completion in these cases. No explanation can be given, however, for 
run 92 in which no microcline formed. 
It can be seen that in those samples which did transform from Fe-sanidine to 
Fe-microcline they also became turbid. This turbidity can be seen in plate 5.5 to be 
caused by numerous micropores. 
These results confirm, in the KFeSi308  system, the observations made in the 
KGaSi308  system. The 'change from pristine sanidine to turbid and microporous 
microcline appears to be common to both systems. A similar transformation was 
shown in section 3(b) where turbid areas of naturally occurring feldspars were 
shown, using TEM, to be microcline whereas pristine areas were orthoclase. 
As was discussed in Part 1, the transformation from sanidine, through 
orthoclase, to microcline involves an ordering of the AP and Si 4+ ' ions within the 
structure (Fe3"-Si4-'- and Ga3+-Si4  in the analogs). The ordering in sanidine occurs 
rapidly without disrupting the symmetry of the crystal down to around 500C (Brown 
and Parsons 1989). Once the symmetry has been broken, below this temperature 
further ordering does not occur so readily due to the development of fine scale tweed 
orthoclase. The strain energy of the tweed texture almost completely balances the 
volume free energy obtained by complete ordering and thus the total energy for 
ordering is very small (Eggleton and Buseck 1980; Brown and Parsons 1989). 
Further ordering of the structure and the formation of microcline below 500C 
requires therefore the interaction of an external stimulus, such as a hydrothermal 
fluid (Parsons 1978) or deformation (Smith 1974). The process by which the ordering 
proceeds at such low temperatures is commonly thought to involve solution and 
reprecipitation on a very fine scale (Goldsmith and Laves 1954; O'Neil and Taylor 
1967; Yund 1983; Parsons and Brown 1984; Ferry 1985). 
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Plate 5.5 
Secondary electron images of synthetic KFèSi 308 feldspars. 
Secondary electron image of Fe-microcline synthesized in experimental run 
FDLW55. The surface of the crystal in this image contains many micropores, some 
with intricate outlines (notably in the centre of the image). This contrasts sharply with 
the original Fe-sanidine starting material shown below. 
Secondary electron image of Fe-sanidine synthesized in experimental run 
FDLW81. The crystals are pristine and contain no micrôpores. The edges of 
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If these experiments are carried out in the presence of H 2180 and solution 
reprecipitation is taking place, it is likely that 180 would be incorporated into the low 
temperature, ordered (Fe-microcline) structure. This could then be imaged on the ion 
microprobe (as in section 4(a)). From section 4(a) and previous work (Gileth et al 1978; 
Elphick et al 1988) it can be seen that volume diffusion of 180  into the structure of natural 
feldspars of normal compositions is very slow and, in crystals of the size and at the low 
temperatures used in this study, would be expected around the margins of the crystals 
only. A similar distribution would be expected in the KFeSi 308 system. 
From the work described above it was known that the transformation from Fe-
sanidine to Fe-microcline was essentially complete after the times used (around lOOhrs). 
At similar pressures (0.1GPa) Wones and Appleman (1963) found that the reverse 
reaction, Fe-microcline to Fe-sanidine was complete after 97hrs. In order to try and 
image a partially complete transformation the experimental runs containing 
"2 
180were 
shorter in duration (between 48 and 20 hours). 
The results of these experiments are shown in table 5.2, figure 5.4 and plate 5.6. 
As found earlier pristine Fe-sanidine has transformed into very turbid Fe-microcline 
which again appears iron stained. These results show that even after the shortest run 
times (20hrs), in all but one case (run 108) the transformation from pristine Fe-sanidine 
to turbid Fe-microcline was complete and no intermediate stages could be imaged. 
Figure 5.5 shows the ion microprobe image of one of these runs. It can be seen that the 
180 is distributed throughout the crystals to such an extent that fine scale solution-
reprecipitation must be involved in the transformation as investigated here. As was 
suggested above, volume diffusion in grains of this size would not be sufficiently rapid 
change the 180 throughout the crystals but would be restricted to the edges. 
Gôttlicher and Kroll (1991) carried out their experiments using KOH rather than 
H20. In order to see if this has any effect on the results obtained, experimental runs 
were carried out using KFeS1308  and 1 M KOH. The results are shown in table 5.3 and 
figure 5.6. From these illustrations it can be seen that although the run products in KOH 
were slightly lighter in colour when observed with the naked eye, no appreciable 
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Ion microprobe images of oxygen distribution in synthetic Fe-microcline which had 
undergone transformation from Fe-sanidine in the presence of H 2180. Feldspar 
occupies the top half of the images and araldite, in which it is mounted, the lower 
half. In both cases the colour scale corresponds to accumulated counts per pixel 
over 3 minutes and the scale bar is the same. 
This image shows the distribution of 160  through the crystal. A crack can be seen 
running SW-NE across the centre of the grain. The uneven surface of the sample 
has led to the reduction of the 160  signal towards the top left. 
This image shows the distribution of 180  through the crystal. The crack and the 
variation in intensity, due to topography, noted in (a) can also be seen here. 180  is 
distributed evenly throughout the crystal showing that the entire crystal has 
exchanged with the H2180.  Natural 180  abundance would not have registered on the 
scale used. 	 . V 
Figure 5'5 
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KFeSi308 synthesis and transformation in KOH 
Run No. 	= wt % Pressure Temperature Duration = Products 
= KOH (GPa) (Celcius) (Hours) = 
72 	= 0.74 0.1 805 336 = S 
73 = 0.76 0.1 503 336 = M 
74 	= 0.60 0.1 500 336 = M 
83 = 3.16 0.1 795 335 = S 
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Figure 5.6 
XRD spectrum of Fe-microcline synthesized in run FDLW72 in the presence of KOH. 
Although these run products were lighter in colour to those synthesized in the 
presence of H20, there is no difference in the XRD spectrum. 
Summary of Experimental Results 
The experiments carried out in this Part of the research programme have given 
us two important pieces of information. Firstly, the experimental work has shown, as was 
found in the TEM study (section 3(a)), that the change from pristine to turbid feldspar, as 
modelled by the KGaS608 and KFeSi308  feldspars, is accompanied by the 
transformation of the feldspar structural state from disordered sanidine to ordered 
microcline. 
Secondly, it appears from the 180  distribution, that this transformation is 
facilitated by a dissolution of the existing disordered feldspar and a subsequent 
reprecipitation of ordered feldspar. 
Both these pieces of information can now be added to that derived earlier in the 
research programme and used to deduce a probable means by which micropores, 
turbidity and the change in the perthite style found in naturally occurring feldspars 
occurs. 
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5(b) Discussion of the Means of Formation of the Micropores 
and the Microtextural Variations in Alkali Feldspars 
Discussion of Mechanism 
Although several workers have noted the presence of micropores in feldspars 
(e.g. Folk 1955; Sprunt and Brace 1974; Montgomery and Brace 1975; Dengler 1976; 
Parsons 1978; Ferry 1985; Parsons et al 1988; Warden et al 1990; Guthrie and Veblen 
1991) no coherent model for their formation has yet been proposed. Prior to the present 
study, the consensus opinion was that the formation of turbidity and micropores and the 
change in perthite style was brought about by sub-solvus fluid interaction late in the 
cooling history of the pluton at temperatures <450'C (Folk 1955; Parsons 1978; Parsons 
1980; Parsons and Brown 1984; Ferry 1985; Parsons et al 1988; Worden et al 1990; 
Guthrie and Veblen 1991). 
Folk (1955) in an optical petrographic study, suggested that turbidity develops 
late in the cooling history of the pluton at around 400C. In contrast Roedder and 
Coombs (1967) and Sprunt and Brace (1974), who did not study the intra-feldspar 
textures, suggested that the micropores were the site of primary fluid inclusions i.e. 
residual fluid which remained after the original crystallisation (Roedder 1984). Bridges 
within micropores were suggested (Sprunt and Brace 1974) to be due to alteration of 
primary fluid inclusions in the presence of water at low temperatures. Montgomery and 
Brace (1975) suggested that .micropores formed as a result of hydrothermal alteration 
which led to solution along cleavage planes at temperatures around 500'C late in the 
cooling history of the pluton. 
Parsons (1978) noted that turbidity in alkali feldspars was the result of "tiny 
rounded cavities and the transformation from pristine to turbid feldspar took place at 
temperatures possibly as low as 400VC and was associated with a change in the perthite 
style from regular, sanidine cryptoperthites to irregular, microcline patch perthites. This 
process, he suggested, is facilitated by fluids entering the crystal along cracks. The role 
of fluids in the development of irregular coarse perthites was suggested by Parsons 
(1978) and Parsons and Brown (1984) and has been confirmed by subsequent workers 
(Ferry 1985; Parsons et al 1988; White and Barnett 1990; Warden et al .1990; Guthrie 
and Veblen 1991). Ferry (1985) also noted that the turbid areas in feldspars from Skye 
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had a meteoric 18O  signature in contrast with the pristine areas which had a juvenile 
180 signature suggesting a meteoric origin for fluids which caused the changes to the 
feldspars. 
The work described in the current project has confirmed that this mechanism is 
true in most cases. The only exceptions are those micropores occurring in trails crossing 
strain controlled perthites which have formed as a result of imperfect healing of 
microcracks above the alkali feldspar solvus and which have not involved the action of a 
fluid. This was shown in section 3(a) where the perthites were seen to be continuous and 
coherent around the micropores. The means of formation of these micropores will not be 
discussed further. 
As was shown in numerous images in section 3(a), the fact that in the vast 
majority of cases micropores form along with the change from pristine to turbid feldspar 
and with a change in perthite style cannot now be disputed. TEM work and the 
experimental study have shown that the change tends to be accompanied by a change 
from the disordered alkali feldspar (orthoclase or sanidine) to the ordered form 
(microcline) and is associated with the development of sub-grains in the turbid regions. 
Changes in the minor and trace element signature of the alkali feldspar were additionally 
shown to accompany the textural change. Without the interaction of a hydrothermal fluid 
these large-scale changes in the structure and composition of the alkali feldspars would 
be difficult to explain. This general mechanism has been proposed previously by several 
workers (Parsons 1978; Parsons 1980; Parsons and Brown 1984; Ferry 1985; Parsons 
et al 1988; Smith and Brown 1988; Brown and Parsons 1989; Worden et al 1990; White 
and Barnett 1990; Guthrie and Veblen 1991). 
As was noted earlier, the ordering of the AP+ and SiI+  ions in sanidiné occurs 
relatively rapidly down to around 50()C (Brown and Parsons 1989) until prevented 
kinetically by the development of fine scale tweed orthoclase (Eggleton and Buseck 
1980; Brown and Parsons 1989). Further ordering to microcline requires the interaction 
of an external stimulus, commonly a hydrothermal fluid (Parsons 1978). Worden et al 
(1990) suggested that the main driving force for coarsening of the perthite is provided by 
the release of elastic strain energy. It is likely that this is the stage of micropore 
development. In the previous section it was shown, using ion microprobe imaging of Fe-
sanidine which had transformed to Fe-microcline in the presence of Il 2180, that the 
transformation must have taken place by solution-reprecipitation to cause the degree 180 
re-equilibration noted. This mechanism has been proposed for the sanidine-microcline 
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transformation by previous workers (Goldsmith and Laves 1954; O'Neill and Taylor 1967; 
Yund 1983; Parsons and Brown 1984; Ferry 1985) who suggested a series of minute 
local solution-reprecipitation steps along an advancing fluid film and is consistent with 
the interaction of a hydrothermal fluid. The release of strain energy proposed by Worden 
et at (1990) may be associated with the exsolution of water which will provide a local 
source of water and, along with the external water, will provide a medium for the 
solution-reprecipitation process. 
It was suggested in section 4(c) that much of the chemical changes between 
pristine and turbid areas, noted here and by previous workers (i.e. Mason et al 1985), 
occurred at the same time as the change in microtexture. A solution-reprecipitation 
mechanism by hydrothermal fluid is likely to redistribute the ions present in the original 
feldspar and could easily lead to the changes in composition noted. 
The origin of the hydrothermal fluid in the Klokken pluton was shown by 
Sheppard (1986), and in the work described in section 4(c), to be primary magmatic in 
origin. The IR work described in section 4(c) and previous work (Parsons 1978; Worden 
et a! 1990) suggested that at least some of the water involved in the hydrothermal 
alteration of the feldspars may have exsolved from the minerals themselves. The 
exsolution was presumably triggered by some external stimulus. It is not easy however, 
to explain what the trigger was. It may be that magmatic fluid remained within the rock 
and initiated the coarsening process which continued under the influence of both this 
magmatic fluid and the water exsolving from the feldspars. In the case of the Skye rocks, 
Ferry (1985) has ,shown that the fluid involved in the alteration of the feldspars was 
meteoric in origin. No structural water has been detected using IR in the feldspars from 
Skye (see section 4(d)) and it may be that the meteoric water was the main driving force 
behind the perthite coarsening. As relics of pristine feldspar are rare in the Skye rocks 
studied, it is impossible to say whether there was some involvement of water exsolving 
from the feldspars. 
Although the mechanism proposed above may explain the mechanism by which 
the coarsening of the perthites and the development of the micropores occurred, the 
distribution of the pristine and turbid material is in many cases puzzling. It might be 
expected that a fluid moving through a rock would lead to alteration around the edges of. 
grains and not in patches randomly distributed throughout the crystal. Turbidity 
concentrated around the edges of grains is found but is very much the exception to the 
rule. The change from pristine to turbid feldspar is associated with the transformation of 
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a metastable phase (orthoclase or sanidine) into a stable phase (microcline). TEM 
images suggest that in some case it appears that the micropores have been moving 
through the crystal and leaving a "bow wake" of turbid microcline behind them. It is 
envisaged thatithin the pores the metastable phase will dissolve on one side of the 
micropore and precipitate on the other as the stable phase allowing the movement of the 
micropore into the crystal in much the same way as a weighted wire will move through 
ice. In this case the "weight" is provided by the change in free energy. A similar effect is 
proposed by Roedder (1984) to explain the necking down of fluid inclusions. In the 
present case however, the release of strain energy is concentrated on one wall of the 
micropore leading to the migration of the pore into the pristine phase. 
Images obtained from computer simulations of percolation models have resulted 
in patterns known as percolation networks (Gleick 1987), which are similar to the 
distribution of patch perthites. Percolation models are derived from a branch of fractal 
geometry which model the flow of material (of any kind) through a medium (reviewed in 
Shante and KIrkpatrick 1971; Essam 1980; Mandelbrot 1983)1. As a result of the chaotic 
flow, percolation clusters are formed which correspond to groupings which are 
connected throughout the model. These patterns correspond very closely to the 
distribution of patch perthite seen in alkali feldspars. It may be therefore that the process 
of coarsening in the pervasive patch perthites is triggered by some external stimulus and 
then proceeds by chaotic percolation through the crystal. In the majority of the cases the 
turbidity tends to be found in the form of vein perthites which can be explained either by 
minor coarsening of film perthites or along the lines of healed microçracks (StUnitz 1991 
pars comm). The distribution through the crystal of the coarsened vein perthites 
replacing the film perthites in the Caledonian rocks appears, in places, to be similar to 
the chaotic distribution of the patch perthites described above from Klokken and may be 
controlled by similar factors. 
As was shown in Part 2 micropores in alkali feldspars make up a significant 
1 Percolation processes are similar in many ways to diffusion processes. As defined by 
physicists, diffusion is the motion of a particle which is entirely random. In percolation the 
medium through which the particle is moving places some constraints on how the 
particle moves. As a result of these constraints a particle may be forced to oscillate 
between two sites in a lattice and thus become trapped (Shante and Kirkpatrick 1971). In 
percolation studies the flow of particles is modelled through a percolation model. This is 
defined as "a collection of points distributed in space, certain pairs of which are said to 
be linked" (Essam 1980). If the points in space are taken to be sites in a crystal lattice 
(site percolation) the results of models of this type are therefore appropriate in the study 
of fluid entering alkali feldspar crystals. 
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proportion of the volume of a turbid crystal (up to 4.5%). During cooling from 
temperatures above the alkali feldspar solvus a volume reduction will take place for two 
reasons. First, alkali feldspar solid solutions have a positive volume of mixing. For a bulk 
composition of Ab15 0r85 the change in volume caused by the unmixing is 0.5% (Smith 
and Brown 1988 page 151). Secondly a further small reduction will occur when ordering 
occurs in the now separate Ab and Or phases. This will account for a 0.04% reduction in 
volume from sanidine to microcline and 0.45% from high to low albite (Smith and Brown 
1988 page 140). In a perthite of composition Ab15 0r85 this will lead to a total reduction 
in volume of around 0.6%. It can be seen therefore that while the volume lost by the 
crystal going from a homogeneous sanidine to a microcline/low, albite perthite will cause 
some reduction in the volume of the alkali feldspar, is not enough to account for the 
majority of the micropores and some feldspar material must be lost. It has already been 
noted that ions are redistributed during movement of a fluid through the feldspar crystal 
leading to the development of turbidity and it is likely that this process also removes 
some of the original material leading to the formation of micropores. 
As was discussed earlier (section 3(a)) the distribution of micropores between the 
Ab and Or elements of the deutenc perthites is difficult to explain; micropores in the Or 
phase are smaller but more numerous than those within the Ab phase. The fact that Na 
ions diffuse faster than K ions in adularia (Petrovic 1972) was suggested as a possible 
factor in the distribution of the micropores, but it seems unlikely that in a process which 
will also require the diffusion of Si, AP and 02-  ions, the diffusion rates of the cations 
is the sole reason for the micropore distribution. The larger volume loss experienced by 
the Ab-rich phase when compared with the Or-phase may also be a factor. The 
distribution of micropores between the perthite phases however, remains unexplained. 
From the TEM studies (section 3(a)) it was found that the outline of the 
micropores was controlled by either Adularia habit outgrowths on the micropore wall or 
because the micropore occurred at the junction between several subgrains. It has been 
found that during diagenetic albitization of alkali feldspars the secondary albite displays 
turbidity, formed by numerous sub-microscopic vacuoles or micropores (TA Walker 
1984; Gold 1987; Morad et al 1989; Morad et al 1990) and appears occasionally to be 
um icrocrystallineu i.e. the grains are made up of optically visible subgrains (Gold 1987; 
Milliken 1988; Saigal et al 1988; Morad et al 1990). Several workers (Boles 1982; Saigal 
et al 1988; Morad et al 1990) have shown that albitization proceeds by a solution of the 
detrital alkali feldspar and the subsequent precipitation of secondary albite. These 
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workers suggested that the albite formed by the growth of subgrains which nucleated 
independently and grew together imperfectly with the micropores representing gaps 
between the subgrains. It may be that the growth of the essentially secondary, turbid 
alkali feldspars in plutonic bodies took place in a similar manner. Feldspar in the Adularia 
habit is known to form at low temperatures (Smith and Brown 1988) and may have 
formed either along with the development of the microporosity and coarsening of the 
perthites or may post date them, forming by exploiting the interconnected micropore 
network. It would seem likely however, that at least some of the Adularia habit feldspar 
outgrowths formed at the same time as the other changes in the host feldspar. 
Summary of Mechanism 
The formation of micropores in alkali feldspars and the concurrent change in the 
structural state and microtexture of alkali feldspars would appear to be brought about by 
the following process. 
Alkali feldspars within the cooling plutons may exsolve into strain controlled 
perthitic intergrowths in which the coherent nature of the intergrowth allows ordering of 
the Or-rich phase from sanidine to microcline. If a widespread coherent intergrowth does 
not occur ordering is prevented kinetically from proceeding to completion and forming 
microcline by the development of orthoclase tweed texture. An external stimulus, 
possibly the invasion of the pluton by an external fluid or external strain, leads to the 
release of elastic strain energy from the strain controlled perthites or strain energy in the 
tweed orthoclase and triggers the change to a stable patch perthite and further ordering 
of the Or-phase. Fluids allow local small scale solution-reprecipitation reactions which 
bring about the coarsening of the perthites by redistribution of K and Nw- ions and, by 
removal of material from the alkali feldspars, lead to the formation of micropores. This 
process then proceeds chaotically, through the crystal and the extent to which this 
process develops is dependent on the amount of fluid available for the reaction. It is 
thought that at this stage water may exsolve from the perthites and will add to any 
external fluids. Along with the ordering of the phases, during the solution-reprecipitation 
reaction trace elements may also be redistributed and some precipitation of Adularia and 
non-feldspar phases may occur. Subsequently the interconnected network of micropores 
allows fluids to flow through the crystals leading to the growth of further feldspar with the 
Adulana habit and further non-feldspar phases. The presence of the interconnected 
micropore network will also facilitate other processes which involve a fluid phase. These 
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will be discussed in Part 6. 
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SIGNIFICANCE OF MICROPORES IN ALKALI 
FELDSPARS 
As a result of their association with microtextural and chemical changes in 
alkali feldspars, micropores must be considered an important feature of the mineral 
group and will play an important role in geological processes involving alkali 
feldspars and alkali feldspar rich rocks. This Part of the thesis will describe some 
geological examples where micropores in alkali feldspars may play an important role. 
6(a) Diffusion 
Chemical diffusion is a mass transport process which may occur within solids, 
liquids or gases and is governed by the principles of non-equilibrium thermodynamics 
(Fisher and Lasaga 1981). Diffusion is a fundamental process of chemical change in 
minerals involving the transport of matter in response to physical and chemical 
driving forces e.g. a chemical concentration gradient or a temperature gradient 
(Smith and Brown 1988). Two types of diffusion may occur in minerals (figure 6.1); 1. 
volume diffusion - diffusion through the crystal, important at high temperatures; 2. 
nonvolume diffusion - diffusion along grain boundaries and surfaces, important at 
low temperatures. At low temperatures nonvolume diffusion is thought to be several 
orders of magnitude faster than volume diffusion (Hacker and Christie 1991) and has 
a lower activation energy (Putnis and McConnel 1980). As it is thought that 
micropores and subgrains form at low temperatures (below 450C), nonvolume 
diffuion is likely to be an important process in microporous feldspars. 
In a feldspar crystal which is not turbid, in order for diffusion to proceed to the 
centre of the grain volume diffusion will be the dominant process. In a turbid 
feldspar, the intragrain micropermeability and the much smaller grain size resulting 
from the formation of subgrains, will allow nonvolume diffusion to play a more 
important role. Access to the centre of the grain is obtained by nonvolume diffusion 









Paths for diffusion. Notice that volume diffusion provides many more possible paths 
when compared with surface or grain boundary diffusion. If diffusion into the centre of 
a crystal or subgraln is desired, volume diffusion Is required. 
After Manning (1974). 
discussed in section 4(a), Giletti (1991) found that the diffusion of Rb and Sr in 
" water-clearw feldspars was 1000 times slower than that found by Misra and 
Venkatasubramanian (1977) in turbid, white feldspars. Many geological processes 
depend on diffusion and to illustrate this, two important processes in which diffusion 
plays a major role will be discussed. 
Oxygen Diffusion 
Oxygen is a major element in feldspars, and indeed in most rock forming 
minerals and geological fluids, and as was shown in section 4(c), the nature of the 
fluid which caused the alteration of the feldspar can be determined using the oxygen 
isotope ratio as a tracer. The oxygen isotope signature of a fluid is dependent on the 
origin of the fluid and on any fractionation processes to which it has been subjected 
during transport. 
The work on the feldspars from Klokken laminated syenites described earlier 
(section 4c), found no difference in 5 18 0 between turbid and pristine areas of 
feldspar from the Klokken pluton which suggested that the fluid in both cases was 
juvenile. Ferry (1985), in a similar study on granites from the Isle of Skye, noted that 
pristine feldspars had a juvenile 6180 signature whereas the turbid areas had a 
meteoric signature. This may indicate that the origin of the fluids which brought about 
this change in perthite style and formation of micropores was meteoric or may have 
been caused by a meteoric fluid exchanging with the already porous feldspars, as 
suggested by Guthrie and Veblen (1991) in a study of the same suite of rocks. By 
knowing the diffusion properties of a feldspar and how the 6 1 80 value of the fluid 
changes in relation to its origins, a history of any fluid - rock interaction may be 
determined even when no gross changes to the feldspar, such as those involved in 
solution - reprecipitation and the development of micropores, have occurred. 
The closure temperature (Tr ) of a feldspar in a particular system is the 
temperature at which isotopic exchange (in this case oxygen) between feldspars and 
other phases by volume diffusion effectively ceases. This has been assumed, by 
some workers, to correspond to the temperature of the initial crystallization of the 
feldspar with no subsequent re-equilibration of oxygen via fluid/rock interaction 
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feldspar with no subsequent re-equilibration of oxygen via fluid/rock interaction 
occurring (eg Hoemes and Friednchsen 1978). It can be shown from oxygen 
diffusion data however, that this is not the case except in cases of very rapid cooling 
and very coarse grain size (Graham and Elphick 1990). It is more commonly 
considered that at the closure temperature the diffusion rate decreases to such an 
extent that although exchange can occur at lower temperatures, the 8 180 conditions 
at the closure temperature are effectively frozen in (Giletti et al 1978; Giletti 1986; 
Graham and Elphick 1990; Valley and Graham in press). Any continued exchange is 
of course dependent on two suitable phases coexisting between which oxygen 
exchange can occur (Giletti 1985). 
The work of Dodson (1973) showed that the closure temperature was a 
function of the grain size and the cooling rate. These are related by the following 
relationship (Dodson 1973, equation 23): 
T*= 	Q/R 
In (ARTC2  (D/a2)) 
( Q(dT/dt)  ) 
where Q is the activation energy for oxygen diffusion in feldspar under hydrothermal 
conditions, A is a measure of the geometrical anisotropy of the medium through 
which diffusion occurs (55 assuming spherical grains, Dodson 1973), R is the gas 
constant, D. is the diffusion coefficient, a is the grain size (eg radius of the sphere) 
and dT/dt is the cooling rate (C 1). T is an input estimate of the closure 
temperature and Tc * the calculated value (both in K). This function is itentive and Tc * 
becomes the Tc term in the subsequent iteration until the value becomes stable 
giving the correct closure temperature (usually after only 2-3 iterations). By using the 
calculation for a range of cooling rates and grain sizes, the effect of these variables 
on the closure temperature can be seen (Figure 6.2). The values of D0 and Q  used 
were 4.5x1 0-12m2s-1 and 1 O7kJmol- ' respectively for oxygen diffusion in Adularia 
under hydrothermal conditions (Giletti et al 1978). Under dry conditions the diffusion 
rate is greatly reduced (Elphick et al 1988). 
If we consider feldspar grains from the Klokken pluton imaged in section 3(a), 
these appeared in hand specimen to be around 1 to 2cm in size. Subsequent 
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Figure 6.2 
Graph showing closure theoretical closure temperatures (Tc *) as calculated after 
Dodson (1973, equation 23) for Adularia under hydrothermal conditions using a 
range of cooling rates and effective grain sizes. 
206 
207 
reduced to around 1.m in size with some subgrains imaged which are much smaller. 
From figure 6.2 it can be seen that during cooling at 10C/million years, for example, 
feldspar grains which were 2cm in length would effectively reach their closure 
temperature at around 450C whereas the turbid areas would not reach theirs until 
below 100C, requiring only relatively shallow burial, perhaps as little as 4 or 5km. As 
was noted in the previous Part of this thesis, the development of turbidity takes place 
at around 450C and in a cooling pluton therefore this will also mark a change in the 
grain size and diffusion characteristics. Those areas which become turbid and 
develop subgrains will be able to continue exchanging oxygen to much lower 
temperatures than the pristine areas. The effect played by the formation of subgrains 
has been noted previously by Giletti (1986) who showed that in calculations of 
closure temperatures, a decrease in grainsize of 10 times is equivalent to decreasing 
the cooling rate 100 times. 
By allowing fluids to move at low temperatures by the faster grain boundary 
diffusion into the centre of the grains, intragrain micropermeability in alkali feldspars 
reduces in places the effective grain size. Plutonic feldspars which in hand specimen 
or optically appear to be coarse grained will, if they are turbid, in reality be fine 
grained matrix of subgrains which may reduce the effective grain size for diffusion by 
a factor of >1000 (Giletti and KuIp 1955; Giletti 1991; Worden et al 1990). ' 
If accurate diffusion rate data are available, zonation (resulting from the 
continual re-equilibration of the feldspars; with a fluid over a range of temperatures) in 
the 8180 signature may be used to study the fluid/rock history and the cooling rate of 
the body (Sharp 1991; Valley and Graham in press). If we consider the feldspar 
grains from Klokken discussed above, assuming a D0 value of 4.5x1 0-12  m2s-1 , using 
the information provided by Giletti et al (1978) we can show that at 400C subgrains 
of 200pm radius (much larger than the subgrains seen using TEM) will re-equilibrate 
completely in around 5000 years. The crystals of 2cm radius will take around 10 
years. Complete re-equilibration occurs almost 20000 times more rapidly in the 
subgrains. As a result of this, during fluid/rock interaction, over the same length of 
time, small grains will become more completely altered by diffusive processes than 
larger grains. Re-equilibration of subgrains of less than 1pm in size will occur faster 
still. In a large pristine areas grain diffusion may result in gradients in oxygen isotopic 
composition which can be used to model changes in the fluid composition with time 
(Graham and Valley in press) in contrast to subgrain rich crystals which are more 
likely to completely re-equilibrate. As has been shown, turbidity is not usually evenly 
distributed through a crystal but Is very irregular with remnants of the pristine material 
remaining. As a result individual feldspar crystals are a mosaic of subgrains varying 
over a large range of sizes, from the true subgrains of <iiim to any large areas of 
relic pristine feldspar, with in turn different 8180 ratios. 
The effect of the subgrairi/micropore network may explain the susceptibility of 
feldspars to oxygen exchange and the ability for this process to continue to low 
temperatures in feldspars compared with other common minerals (Giletti 1986; 
Elphick et al 1988). It may also make turbid areas more sensitive to changes in any 
circulating fluids than pristine areas. 
Argon and 39Ar/40Ar Dating 
The 39Ar/40Ar method of dating is based upon the same principles as the K-Ar 
method of dating which uses the formation of 40Ar by the radiogenic decay of 40 K 
(half-life of 11.25A  0 9 years). In the 39Ar/40Ar method the abundance of K is measured 
by forming 39Ar via the irradiation of 39K with fast neutrons in a nuclear reactor. Dates 
are then obtained by measuring the ratio 39Ar/40Ar by mass spectrometry. 
Measurements in the 39Ar/40Ar technique are made on the same sample and 
therefore avoid any problems arising from inhomogeneity of the sample and the need 
to measure absolute concentrations of K and Ar is avoided. A review of K-Ar and 
39Ar/40Ar dating techniques is given by Faure (1986). For normal dating purposes 
however, both techniques assume that no 40Ar has escaped from the sample by 
volume and non-volume diffusion and that no excess argon (argon incorporated in 
the mineral at the time of formation or subsequently) is present i.e. the 40Ar 
concentration represents all the radiogenic 40Ar formed and only this. 
Often during step heating experiments a large initial release of excess" 40Ar 
occurs. This is thought to be argon which has diffused from the crystal structure into 
non-retentive, non-structural sites (Faure 1986) or vacuoles. It is to be expected that 
although many micropores are interconnected and allow any gases evolving from the 
crystal to escape entirely, many will remain closed. Burgess et al (in press) suggest 
that the high temperature micropore trails in alkali feldspars from the Klokken 
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intrusion (as described in section 3(a)) are a reservoir for"excess" 40Ar and cause 
otherwise pristine feldspars to give ages older than the known age of the intrusion. 
This effect would be even more pronounced in turbid feldspars where many more 
discrete micropores might be expected to exist. 40Ar in micropores could also 
conceivably lead to ages which appear correct but are"artificial". The presence of 
excess 40Ar in the micropores which would normally lead to ages which were too 
old, could, if structural Ar has leaked away, balance this loss and give a correct", 
though purely fortuitous, age. Any micropores which were not connected to the 
crystal's surface will therefore provide a more obvious reservoir for excess argon 
than the lattice sites suggested. by some workers (e.g. Foster et al 1990) to be 
occupied by radiogenic argon after low temperature (z350C) diffusion. 
The most widely applied technique for obtaining 39Ar/40Ar dates has been the 
step heating technique. This technique is described by Turner (1969) and Faure 
(1986). If radiogenic argon has been lost from some sites but not from other more 
retentive sites during the crystal's history (e.g. during a metamorphic event or 
fluid/rock interaction), heating a grain in incremental steps will result in a range of 
39Ar/40Ar ratios and hence apparent dates. The first gas to be released will originate 
at the surface of the grain and from sites that lose argon readily whereas subsequent 
heating will lead to argon being derived from more retentive sites (Turner 1969). 
Ultimately a plateau may be reached which corresponds to the date of the original 
cooling of the mineral. A series of other dates corresponding to other events in the 
crystal's history may also be determined. Any development of a micropore/subgrain 
network will lead to a marked reduction in the effective grain-size of the mineral and 
as in the case of the oxygen isotopes discussed above, lead to more complete re-
equilibration than would occur with a pristine crystal. Harrison et all (1991) predicted 
mathematically the presence of "diffusion domains" smaller than the crystal size. 
They did not however, discuss what form these "domains" took. The reduction in 
grain size, and the provision, via the micropore/subgrain network, of a means of 
argon loss from the centre of grains, will in turn facilitate a loss of the 40Ar over a 
wider area of the crystal than would be the case in a single large, pristine crystal and 
lower the age obtained from any plateaux which may be found in the argon release 
spectrum. 
High initial ages caused by excess argon and the loss of radiogenic 40Ar 
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discussed above are not the only problem apparent in the 39Ar/4°Ar dating technique. 
It is assumed that 39Ar loss by recoil following irradiation does not occur. If a 
significant traction of this is lost then the 40ArI39Ar ratio would be increased and any 
ages obtained would appear to be older than the correct geological age (Faure 
"?? 1986). The amount of argon lost in this way will depend on the ease of escape of the 
(iom the feldspar and has long been stated as a reason against using feldspars 
in 39Ar/40Ar studies (discussed by Faure 1986). The escape of argon is widely 
suggested to take place via incoherent perthite lamellae (Foland 1974; Harrison 
1990). Parsons and Brown (1984) have however, shown that the great majority 
regular perthites are coherent. Parsons et al (1988) found that in the Klokken ptuton, 
argon leakage occurred least in feldspars with the most regular lamellar interfaces 
but was in direct proportion to the degree of turbidity of the crystal. Pristine areas 
gave ages in excellent agreement with the U - Pb age of the pluton. The 
interconnected, micropermeable network of subgrains and micropores will allow 
much more rapid escape of 40Ar. This escape route and the excess argon associated 
with isolated micropores will increase the complexity in interpreting apparent ages 
determined from a turbid feldspar. 
The preparation of mineral separates for use in this method is a elaborate 
process which, even with extreme care may lead to imperfect separation and 
contamination and does not allow any variations in the 39Ar/40Ar ratio within a crystal 
to be obtained. The laser extraction method uses a laser to release argon from 
individually targeted areas of a polished rock slab and overcomes these problems: In 
asimilar way to that found above by Parsons et al (1988), Burgess et al (in press) 
found, using a laser extraction method on the same suite of samples, that turbid 
feldspar gave ages which indicated up to 40% argon loss from the crystal while 
pristine areas gave ages which were older than the known age of the pluton, 
indicating the presence of excess 40Ar. This confirms the role of the micropore ( 
subgrain network as a means of rapid argon leakage. Evidence that the excess'Ar 
was contained in micropores was shown by cold crushing experiments. In their 
experiments the initial crushing yielded gases in which the 40Ar,and Qj/KJratios '-
were high and which were much lower after later crushing. This was interpreted as - 
corresponding to 40Ar and Cl being released from micropores initially and only later 
from the more retentive lattice sites. It is also interesting to note that the 40 A(/CI 
ratio from the pristine samples was similar to that found in mantle fluids whereas in 
the turbid areas it was lower and more consistent with a late stage magmatic fluid 
affected by boiling. This observation is in accord with the mechanism for the 
formation of micropores in alkali feldspars where pristine, strain controlled perthites 
undergo coarsening to turbid patch perthites via the action of a late stage fluid. This 
action may lead to no other changes in the rock and may take place tong after 
cooling but would still have a marked effect on the apparent ages calculated. 
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6(b) Dissolution and Weathering 
An understanding of the rates and mechanisms of dissolution of feldspars 
during weathering is important in a number of applied geological problems. These 
include understanding the cycling of the chemical components of feldspars in the 
hydrosphere and biosphere, the chemical susceptibility of landscapes to acid rain 
effects, the effective isolation of nuclear waste and the stability of granitic masses 
involved in engineering projects, whether as a building material or as the natural 
setting. The role of feldspar dissolution in diagenetic processes will be discussed 
separately in the next section. 
The exact mechanism of dissolution of feldspars has been the subject of 
much debate and was classified into three hypotheses (Petrovic 1976. See Velbel 
1986; lnskeep et al 1991 for reviews). Three key observations are common to all 
these models: (a) the dissolution is initially non-stoichiometric, (b) the dissolution rate 
is initially relatively rapid but slows exponentially to a stable rate, a process known as 
"parabolic reaction kinetics", (c) dissolution behaviour is strongly dependent on pH. 
The three dissolution hypotheses are discussed below: 
It was suggested that non-feldspar precipitates form at the crystal's 
surface inhibiting the subsequent dissolution Of the underlying mineral 
(Wollast 1967; Helgeson 1972). As the layer thickens, the dissolution 
reaction slows, leading to the parabolic reaction kinetics. 
A surface layer leached of its alkali or alkali earth cations forms at 
the weathering surface (Chou and Wollast 1985; Holdren and Speyer 
1985; Althaus and Tirtadinata 1989; Westrich et al 1989; Nesbitt et al 
1991). This leads to a parabolic rate of dissolution as in 1 and also 
helps to explain the non-stoichiomettic dissolution. A possible leached 
layer has been imaged using TEM by Tazaki (1986) and Tazaki and 
Fyfe (1987a&b). 
In the third hypothesis it has been suggested that the dissolution 
proceeds by a surface controlled reaction. In this mechanism it is 
proposed that dissolution proceeds by the formation of unstable 
activated complexes (Holdren and Berner 1979; Casey et al 1988; 
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Amrhein and Suarez 1988; Casey et al 1989; Murphy 1989) whose 
development is dependent on the presence of active sites, such as 
lattice dislocations, twin planes and exsolution lamellae, on the crystal 
surface (Berner and Holdren 1979; Aldahan and Morad 1987). As 
these sites are used up the rate of dissolution decreases. The initial 
rapid rate of dissolution has been suggested (Hoidren and Berner 
1979) to be due to very fine particles which effectively enlarged the 
surface area of the crystal. 
Of these hypotheses numbers 2 and 3 are more widely quoted. Number 1 
has fallen out of favour due to the inability of workers to detect the non-feldspar 
surface layer using TEM. 
It is essential, for the calculation of dissolution rates and the thickness of 
layers, to know the total surface area of the crystals which are being subjected to 
dissolution. Several workers (Berner and Holdren 1979; Eggleton and Buseck 1980; 
Helgeson et al 1984; Berner et al 1985; Chou and Wollast 1985; Holdren and Speyer 
1985; Aldahan and Morad 1987; Murphy 1989) using SEM and TEM, have 
suggested that in the preferred mechanisms weathering does not take place evenly 
across the whole surface of a grain but is restricted to the active sites on the feldspar 
surface. This has been suggested to lead to the development of "etch pits" (Berner 
and Holdren 1979; Eggleton and Buseck 1980; Helgeson et al 1984; Holdren and 
Speyer 1985; Aldahan and Morad 1987; Murphy 1989) often containing secondary 
phases (Manning et al 1991). As only active sites are involved in dissolution, surface 
area is replaced in dissolution calculations, by effective surface area. This may be 
markedly less than the total surface area (Helgeson et al 1984). 
As has been noted, several candidates for the role of active sites have been 
suggested (such as lattice dislocations, twin planes and exsolution lamellae) and it 
has generally been assumed that the surface of the crystal is pristine prior to the 
onset of dissolution. Only very rarely has the possibility that pits, in the form of 
exposed fluid inclusions or micropores, already exist on the surface of the crystal 
been noted (Fung et al 1980). In many studies either the SEM images taken prior to 
the experiments were at too low a power to show micropores, or the starting material 
was assumed to be free of fluid inclusions (Helgeson et al 1984; Holdren and Speyer 
1985). Montgomery and Brace (1975) showed that even the commonly used Amelia 
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albite contained 1.1% pore space. Given that they used ion milling to prepare their 
sample, we can assume, as was shown in Part 2, that many more, smaller 
micropores were present originally but were destroyed by this process. 
Several workers (Berner and Holdren 1979; Eggleton and Buseck 1980; 
Helgeson et al 1984) observed that the "etch pits" seen in feldspar grains after 
dissolution experiments were commonly prismatic in shape and around ijim in size. 
These pits were found in densities of between 106 and 108 cni-2 . As discussed 
earlier, feldspars in plutonic rocks are, with only rare exceptions, microporous. 
Micropores averaged 0.5tim in their longest dimension and made up 1.5% of the 
feldspar grains. The average density of micropores was around 9x10 5 per co, of a 
similar order of magnitude to the etch pits seen by Helgeson et al (1984). It would 
seem likely that a high proportion of the smaller "etch pits" seen by previous workers 
were actually exposed micropores. Weathering does however, exploit and expand 
the existing micropore and subgrain network (see figure 2.5 in Part 2) and these may 
therefore act as "active sites" which expand to form the large etch pits noted in 
experimental work (Berner and Holdren 1979) and in observations of naturally 
weathered specimens (Berner et at 1985; Berner and Holdren 1979; Bevan and 
Savage 1989). As noted earlier, micropores are not evenly distributed through 
crystals but are restricted to areas of coarsened perthite. This may contribute to the 
uneven distribution of the effects of weathering in experiments and natural situations. 
Nesbitt et at (1991) suggest that it is the concentration of dislocations around the 
exsolution lamellae which cause dissolution to be concentrated in these areas. It 
seems more likely however, that the presence of micropores and subgrains make 
patch perthite areas more susceptible to weathering than pristine areas (as 
suggested by Fung et al 1980). 
As the micropore/subgrain network has been shown to be micropermeable at 
high pressures and temperatures (section 4(a)), weathering may not be restricted to 
the crystal surface but could exploit the micropore network and move into the grain 
and affect internal areas of the crystal. Eggleton and Buseck (1980) noted that in 
turbid feldspar, weathering, and the development of secondary clay minerals, is not 
restricted to the exposed surface but occurs within the body of the crystal away from 
cleavages and cracks. Fung and Sanipelli (1982) by etching with HF solution 
(0.01mol Ii)  noted the development of "channels" which, they suggest, were 
developed from pre-existing structures and which interlinked the etch pits. The most 
obvious pre-existing structure in feldspars is the micropore/subgrain network shown 
in sections 2(c) and 4(a). Internal dissolution of crystals may therefore increase the 
speed at which they are destroyed through weathering and, as will be discussed in 
the following section, during diagenesis. Under atmospheric pressures and 
temperatures however, the flow of material into and out of the micropore network will 
be less than under the elevated pressures and temperatures present during 
diagenesis (Walther and Orville 1982) and lead to less extensive dissolution. 
It has been suggested (Berner and Holdren 1979) that the initial rapid 
dissolution of minerals is due to/structurally damaged, sub-micrometre particles 
'' which coat the surface of feldspar crystals prior to many experimental studies. The 
slowing down of dissolution during the parabolic reaction kinetics phase corresponds 
to the removal of these particles and corresponding reduction in surface area 
(Helgeson et al 1984; Holdren and Speyer 1985; Murphy 1989). As the progression 
of weathering leads to micropores being enlarged into etch pits during this process 
micropores will combine leading to a reduction in the surface area and could lead, in 
the absence of the build up of a surface layer, to a subsequent reduction in 
dissolution rate. 
Although the leached layer hypothesis is most commonly invoked at present, 
the exact mechanism of weathering in natural processes remains somewhat poorly 
understood (Velbel 1986). The presence of micropores in feldspars are likely 
however, to play an important role in this process. lnskeep et al (1991) stress the 
need to understand the microstructure of feldspars used" before interpreting studies 
of experimental or natural dissolution of feldspars. 
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6(c) Burial Diagenesis 
In the understanding of the development of sedimentary reservoirs for the 
exploration and exploitation of oil reserves, two processes involving alkali feldspars 
assume major importance. Secondary porosity, the dissolution of primary clastic 
grains (most commonly feldspar grains), may markedly increase the total amount of 
porosity in a clastic reservoir. Albitization of detrital feldspars can also significantly 
alter the porosity of a clastic reservoir as secondary porosity may be lost and by-
products of the process (e.g. illite, kaolinite and calcite) may lead to reductions in the 
overall porosity of the rock. 
Development of Secondary Porosity 
Alkali feldspars are a significant detrital component of many sandstones and 
can account for up to 30% of the rock. In deeply buried reservoir sandstones 
however, the feldspar content is often reduced, due to dissolution and the formation 
of secondary porosity, and oversized pores containing fragments of feldspar can be 
seen (e.g. Land and Milliken 1981; Gold 1987; Bevan and Savage 1989). The 
amount of porosity created in this way is dependent on the rate of feldspar 
dissolution and the rate of fluid flow through the formation which must be sufficient to 
remove any products of this process (Aldahan and Morad 1987). Any dissolution 
effects which the clasts have inherited from weathering and transportation will be 
enhanced during diagenesis (Passaretti and Eslinger 1987). 
Within sedimentary rocks, in the presence of organic matter or petroleum, 
aliphatic organic acids (predominantly acetate), are common components of the 
formation water. As they are known to increase the rate of feldspar dissolution under 
certain conditions (down to pH4, Bevan and Savage 1989; Manning et al 1991), it 
has been suggested that these acids are responsible for the enhanced secondary 
porosity within petroleum reservoirs. In the subsurface environment the elevated 
temperature and pressure, along with the enhanced reactivity of the formation 
waters, will enable dissolution of alkali feldspars to proceed faster than at the 
surface. 
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As was noted in the previous section, micropores play an important role in the. 
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dissolution of alkali feldspars. Although the composition of the fluids is different the 
micropore network will play a similar role during diagenesis. As a result of the 
elevated temperatures and pressures, the interlinked network of micropores will allow 
fluids to attack the centres of grains and increase the rate of dissolution and 
development of secondary porosity. 
Albitization of Clastic Alkali FeldsDar Clasts 
c y 
 C\ \ 	 Albitization is a widespread process which affects detrital clasts of alkali 
feldspar during burial diagenesis during which the clasts are eitherfdirectly or via an 
intermediate phase (notably anhydrite, calcite or dolomite: TA Walker 1984). The 
exact mechanism is dependent on the composition of fluids present (Morad et al 
1990; Aagaard et al 1990). Sodium is thought to originate either in the dissolution of 
plagioclase grains already present in the formation, in halite deposits (TA Walker 
1984) or in intrafomiational brines (Aagaard et al 1990). Ions released during 
albitization (in particular AP and Si4+) become consumed in the authigenic albite or, 
along with the K+, can become reprecipitated as interstitial clays or adularia cement 
(Land and Milliken 1981; TA Walker 1984) with obvious reductions in the overall 
permeability of the formation. 
The replacement has been noted to proceed through. grains in a "diffuse 
manner" or along cleavage planes (TA Walker 1984) and is generally incomplete 
(Saigal et al 1988). Several workers (Boles 1982; Saigal et al 1988; Morad et al 
1990) have shown that albitization proceeds by a solution-reprecipitation mechanism 
in a similar way to that proposed in the transformation of pristine to turbid plutonic 
feldspars (see section 5(c)). Saigal et al (1988) however, suggested that if carried out 
on homogeneous clastic grains, replacement would be limited to the surface of the 
grain which would then form protective shields and preserve the remaining alkali 
feldspar. They speculated that intragrain micropermeability, possibly developed 
during leaching of the feldspar by meteoric waters prior to albitization, would facilitate 
the movement of K and Na+ ions into and out of the grain allowing deeper 
albitization. 
The micropermeable network of micropores and subgrain boundaries present 
in the original clastic grains (as demonstrated in section 4(a)) would provide an ideal 
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route for movement of ions into and out of the alkali feldspar clasts. The irregular 
development of albitization also matches the distribution of coarsened perthites 
which have been found in the majority of the plutonic rocks studied earlier in the 
current work (see Part 3). Enhancement of the micropermeable network by meteoric 
waters (as proposed by Saigal et al 1988) may have taken place prior to albitization 
as an initial step in the development of secondary porosity (as discussed above and 
Aagaard et al 1990) which did not go to completion (possibly as a result of a change 
in fluid composition). 
6(d) Radiogenic Age Dating and Element Redistribution 
As was shown in sections 4(c) and 4(d), chemical analyses of pristine and 
turbid feldspars have shown that the two areas do not share the same trace element 
signature. Also non-feldspar phases, rich in metals and other elements, have been 
found in micropores. The effect of trace element redistribution on selected 
geologically important applications is discussed below. 
The concentrations of Sr and Rb were shown earlier to vary between pristine 
and turbid areas (Sr being concentrated in the turbid areas, Rb being depleted) and 
this will lead to changes in the 87Rb-87Sr ratio. The classical approach to this dating 
method has been to plot whole-rock data on a Sr evolution line (discussed by Faure 
1986) with no consideration of any alteration of the ratio by hydrothermal processes 
(discussed by Giletti 1991). The fluid interaction events which bring about the 
microtextural changes and trace element redistribution in the feldspars will play an 
important role in the formation of whole rock ages. Any study therefore which does 
not consider the microtextures of the alkali feldspars and assumes that the 87 Rb-87Sr 
ratio has not been altered is likely to be in error (discussed by Lutz et al 1988; 
Matheney et al 1990; Giletti 1991). A practical demonstration of this effect was 
provided by Lutz et al (1988) who noted that turbid alkali feldspars yielded ages 
which were 10 Ma too old. 
A second dating system which may be disrupted by the redistribution of trace 
elements in alkali feldspars is the U-Pb system. Ludwig and Silver (1977) noted that 
U-Pb dates obtained from partially turbid alkali feldspars in Precambrian granites 
were younger than the age of the rock (as determined using U-Th dating). Step 
heating experiments yielded excess radiogenic Pb (as defined for argon above) 
which once removed allowed U-Pb ages to be obtained which were in agreement 
with the U-Th ages. The excess radiogenic Pb was thus 'parentless. Several 
workers (Ludwig and Silver 1977; Housh and Bowring 1991) have proposed that the 
excess Pb had been accumulated in the feldspars from fluids and was concentrated 
along grain boundaries, fractures or non-retentive lattice sites. Zartman and 
Wasserberg (1975) suggested physical inclusions of U and Pb within the alkali 
feldspars. Pb rich phases were found in micropores described in section 4(d) and it 
would seem likely that in a similar way to the excess argon, the excess Pb is being 
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held in the micropores in the form of a Pb-rich phase. In addition to the effect of 
excess Pb, Housh and Bowring (1991) and Zielinski et al (1981) noted that U had 
been removed from turbid alkali feldspars in Precambrian granites by fluids moving 
along cleavage planes and grain boundaries, a process which would further disrupt 
the U-Pb ages. Intragrain micropernieability of the type discussed in section 4(a) 
would exacerbate this effect. 
The presence of turbid, microporous regions in alkali feldspars should 
therefore be used as a warning that fluid/feldspar interaction has occurred. Pristine 
alkali feldspars provide the most likely regions to yield accurate ages of original 
crystallization. 
6(e) Nuclear Waste Isolation 
In the isolation of nuclear waste the barriers to migration of the radionuclides 
may be split into two zones - the near field and the far field. The near field are those 
defences to migration which are engineered into the repository (e.g. design of the 
storage vessels, types of fill material) and a region of surrounding rock which is 
significantly altered by heat or chemicals from the nuclear waste. The far field is the 
defences provided by the natural, undisturbed geological system (see Chapman and 
McKinley 1987 for review). As feldspar rich rocks such as granite are often 
suggested for siting nuclear waste repositories, it is in the far field defences that the 
interconnected network of micropores and subgrain boundaries may have an 
important role to play. Though the same mechanisms will occur in the near field 
defences, they will be of less importance than the engineOred defences. 
Once the radionuclides have reached the far field, the speed and 
concentrations with which they reach the biosphere are controlled by the rate of the 
fluid flow and the physical and chemical environment along its path; in particular the 
ability of the rock to retard the movement of the radionuclides (Rickert et al 1979; 
Chapman and McKinley 1987). Retardation is brought about by the processes of 
chemical retardation (discussed later) and "dead-end diffusion". Water flowing 
through a system of fissures is in contact with any void space which is essentially 
static e.g. dead-end cracks leading off the main fracture and intragranular porosity. 
Dissolved radionuclides will be able to. diffuse down concentration gradients into 
these pore spaces and cannot move back into the main flow other than by diffusion 
which would require a reversal of the concentration gradient. Much work in this field 
(Neretnieks 1980; Gnsak and Pickens 1980; Bradbury and Green 1986) indicates 
that this could be a very effective means of retarding escape of radionuclides. It 
might be expected that by increasing the amount of dead-end pore space available, 
interconnected micropores would increase the potential of a feldspar bearing rock to 
retard radionuclides in this way (Roedder pers comm 1990). 
The chemical adsorption potential of a rock is a function of its surface area 
(Allard et al 1979; Rickert et al 1979) in that the larger the surface area, the higher 
the potential for adsorption. It is unclear whether the chemical retardation which 
takes place in granite is due to the adsorption of radionuclides onto the surface of the 
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major mineralogy or the alteration products, such as clays and zeolites, within the 
major minerals (Roedder pers comm 1990). In either case the increased surface 
area available in microporous feldspars, whether of the feldspars themselves or of 
the clays which have been found in some cases to line the micropores, will increase 
the potential of the crystal to chemically retard radionuclides. 
While the theoretical potential for the two means of retardation by 
microporous feldspars exists, much work requires to be done. The fact that many of 
the reprint requests for Walker (1990) came from nuclear waste agencies, in 
particular from France, indicates that this work is already underway. 
PART 7 
CONCLUSIONS 
7(a) Micropores in Alkali Feldspars 
It can be seen from the preceding discussions that micropores are a common 
and important feature of alkali feldspar crystals and are likely to play an important 
role in numerous geological processes. 
"Normal" pink or white alkali feldspars, whether from metamorphic or plutonic 
igneous rocks, always have a significant number of micropores. On average, 
micropores make up 1.5% of an alkali feldspar grain and are 0.5itm long with a 
length to breadth ratio of 2.6. Those rocks which petrographically showed evidence 
of a very dry history (very fresh black feldspars from fayalite and/or pyroxene bearing 
rapakivi granites and larvikite, and feldspars from a granulite and a lunar breccia) 
have very low numbers of micropores and are essentially micropore-free. By 
comparison those rocks which had undergone more normal histories, in which 
hydrothermal action was important, contained without exception numerous 
micropores. 
By using Back-Scattered Electron Imaging (BSE) it was found that 
micropores are almost completely absent from strain-controlled, coherent perthites 
and are found only in deutetically coarsened, incoherent, patch perthites. The 
exceptions to this rule are rare trains of micropores which extend across areas of 
strain-controlled perthites but do not affect the perthites. These are considered to be 
the traces of microcracks which healed up in crystallographic continuity above the 
solvus and allowed the perthites to subsequently develop coherently across them. 
Although in some cases a concentration of turbidity does occur around the edges of 
a grain this is rare and it is more common for the microporous areas to be found in 
bands across crystals or, less commonly, in shapeless and pervasive concentrations 
with no apparent control on their positions. 
The exact extent of the disruption of regular perthites by the change to turbid 
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feldspars became very apparent when imaged using TEM. Perthite phases within 
pristine areas were shown to be coherent and are found along with either partially 
ordered tweed orthoclase (if Ab poor e.g. Caledonian granites) or ordered microcline 
(if Ab rich e.g. Klokken syenites). This is in marked contrast to the turbid areas which 
are incoherent and made up of numerous subgrains with the micropores being 
located between these. The micropores and subgrains form a continuous network 
across the crystal. Microcline twinning may also be seen. The angle made by the 
edges of micropores is around 120' seen using the TEM. This is similar to the angle 
made by the intersection of the (110) and (1 TO) surfaces viewed down Z and the 
(100) and (001) surfaces viewed down V in alkali feldspars, particularly those with 
the Adularia habit. This suggests that the micropores have their morphology 
controlled to a large degree by crystallographic surfaces within the crystal. 
Comparisons between pristine and turbid samples using IR spectroscopy 
showed that the location of water in pristine feldspars is different to water in turbid 
feldspars. In pristine samples a large proportion of the water is present as water 
bound in the crystal structure. Turbid samples contained only liquid water which, as 
large fluid inclusions are rare in feldspars, would seem most likely to be in the 
micropores. 
The transformation of the sanidine form to the microcline form was studied in 
the• KGaSi308 and KFeSi308 systems. SEM images of samples after the 
transformation in both cases showed that the transformation from sanidine to 
microcline was accompanied by the formation of micropores in turbid feldspars. Ion 
microprobe imaging of 180  in feldspars of both compositions (which had transformed 
from pristine sanidine to turbid microcline in the presence of Il 2180) suggested that 
solution-reprecipitation was the mechanism by which the transformation occurred. 
This clearly shows the role of a fluid in the process of micropore formation. 
It is envisaged that alkali feldspars exsolve on cooling into strain controlled 
perthitic intergrowths. The release of the strain energy within these intergrowths is 
brought about by the interaction of a fluid which allows ordering to go to completion 
and facilitates the change in perthite style, via a process of small scale local solution-
reprecipitation steps. This process also leads to the removal of material from the 
alkali feldspars, causing the micropores and the formation of secondary phases such 
as the Adulana habit feldspar. The change from pristine, nonporous feldspar to 
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turbid, porous feldspar was found to be isochemical with respect to major elements 
but not with respect to minor and trace elements. Several elements, including B, Sr 
and selected rare earth elements, were shown to concentrate in the turbid areas. Eu, 
which is known to be incorporated into feldspars in preference to other rare earth 
elements, was not. It is suggested that this is due to the fluids being depleted in Eu, 
removed from them during the initial crystallization of the feldspars, and containing 
excesses of the other rare earths which were subsequently incorporated into the 
turbid areas. Rb was the only element found in higher concentrations in the pristine 
areas than in the turbid areas. The interconnected network of micropores, shown to 
be micropermeable using atom milling and experimental petrological techniques 
employing 180 labelled water as a marker, will allow fluids to move through the 
crystals leading to the precipitation of further secondary phases. As many inclusions 
of non-feldspar phases were detected in the micropores it may be that the elements 
concentrated in the turbid areas were preferentially leached from the feldspar 
structure and deposited as new phases within the micropores. It is impossible to say 
whether the concentration of elements in the turbid areas occurred simultaneously 
with the change from pristine to turbid feldspar or exploited the micropore/subgrain 
network. It would seem probable however that at least some of the changes in minor 
and trace element chemistry were concurrent with the change in texture. 
7(b) General Conclusions 
In this study it has been shown that although micropores are at the limit of 
optical resolution, they are a nontrivial feature of alkali feldspars. As a result of their 
form, abundance and association with other textural and chemical changes they are 
an important feature in understanding the behaviour of this important mineral group, 
and as a result of the importance and ubiquity of feldspars, in the understanding of 
many geological processes. The presence of turbidity caused by micropores should 
act as a marker for geoscientists indicating that they should carefully consider any 
microtextural and chemical changes before studying the overall behaviour of the rock 
or geological process. 
In more general terms this study has shown that before considering the gross 
behaviour of a crystal, mineral or rock, any microtextures must be considered. They 
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APPENDIX 1 
SAMPLES USED DURING THIS PROGRAMME OF 
RESEARCH 
During the course of this research programme alkali feldspars from a 
number of rock samples have been used. This appendix will give background 
information on the rock samples used. References quoted in the appendix are 
given at its end. 
The Samples 
DHF-1A 
Name: Lands End granite. 
Locality: Lands End, England. 
Type: Coarse grained granite with in places alkali feldspar phenocrysts. Alteration 
to kaolinite is common (Reid and Flett 1907) as are ores of tin, silver, lead and 
zinc (MacFadyen 1970). 
Age: Carboniferous (300-270Ma, MacFadyen 1970; 28OMa 1 Bennison and Wright 
1969). 
Origin: P. Aspen, Departmental Curator, Univ Edinburgh. 
DHF-3A 
Name: Cniachan granite. 
Locality: Glen Etive, Scotland. 
Type: Caledonian Hornblende/biotite adamellite (Bailey and Maufe 1960). 
Age: SilIDev (41 5-390Ma, Rayner 1981). 
Comment: Oldest member of the Etive granite complex, the Cruachan granite 
comprises 2 parts: (1) Northern lobe of pink granite (from which the sample was 
taken); (2) Southern lobe of quartz diorite (Bailey and Maufe 1960). 
Origin: Collected in stream section in Glen Etive. 
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DHF-4A 
Name: Ben Nevis granite. 
Locality: Ben Nevis, Scotland. 
Type: Caledonian Hornblendelbiotite adamellite. 
Age: SWDev (415-390Ma, Rayner 1981) 
Comment: Forms the Porphyritic Outer granite of the Ben Nevis complex (Bailey 
and Maufe 1960). , 
Origin: Collected from Ben Nevis 
DHF-5A, 513 and 5F. Klnlochell Pegmatites 
Name: Pegmatites 
Locality: Kinlocheil, Scotland 
Type: Highly deformed quartzo-feldspathic pegmatite dyke. 
Age: The dyke is intruded into Moinian rocks of the Glenfinnan Division. 
Origin: Collected from road culling in Kinlocheil, Scotland 
DHF-6A and DHF-7B 
Name: Loch Ainort granite (DHF-6A) and Beinn Dearg Mhor granite (DHF-7B). 
Locality: Moll Coast (DHF-6A) and Gleann Torra-mhichaig (DHF-7B), both Isle of 
Skye, Scotland. 
Type: Alkali feldsparphyric, granophyric granites (Bell and Harris 1986). 
Age: Lower Tertiary (65-57Ma, Bell and Hams 1986) 
Comment: These rocks are both from the Western Red Hills centre on Skye. 
DHF-6A is granite 5 of the centre and DHF-7B granite 4. Both rocks have a 
similar rusty colour when weathered. When fresh DHF-6A is pink in colour and 
DHF-7B greerilblue. 
Origin: DHF-6A collected from a disused quarry at Mao[ Ban, DHF-713 from a rock 
cutting in Gleann Torra-mhichaig. 
DHF-1 OA 
Name: Tonidonian sandstone. 
Locality: Heasta, Isle of Skye, Scotland 
Type: Red arkose with pebbles of quartzite, felsite, jasper, pegmatite and other 
rocks (Bell and Harris 1986). 
Age: Middle Torridonian (late Precambrian. 3000-800Ma, Johnson 1983) 
Comment: A member of the Applecross group. 
Origin: Collected at Heasta schoolhouse. 
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DHF-12A 
Name: Cluanie granite 
Locality: Loch Cluanie, Scotland 
Type: Caledonian Granodiorite (Brown 1983). 
Age: SiVDev (390-435Ma Brown 1983). 
Comment: A very uniform pluton composed entirely of granodionte. 
Origin: Collected in a road cutting at Loch Cluanie. 
DHF-14A 
Name: Sundayswells tonalite. 
Locality: Torphin, Grampian, Scotland. 
Type: Caledonian Tonalite with biotite the dominant mafic phase. 
Age: SiVDev. 
Origin: Collected in a quarry at Sundayswells. 
DHF-1 5A 
Name: Tillyfourie granodiorite. 
Locality: Correnie, Grampian, Scotland. 
Type: Medium/coarse, strongly foliated, pink/grey Caledonian granodiorite. 
Age: SillDev 
Comment: Part of the Skene complex. 
Origin: Collected in a quarry at Correnie. 
DHF-1 5C 
Name: Correnie granite. 
Locality: Correnie, Grampian, Scotland. 
Type: Pink, biotite Caledonian granite.. 
Age: Sil/Dev. 
Comment: This is a minor intrusion on the edge 
location minor suturing between this rock and the 
of the Skene complex. At this 
THtyfourie granodionte can be 
seen. 
Origin: Collected in a quarry at Correnie. 
DHF-1 6A 
Name: Skene granite. 
Locality: Gask, Grampian, Scotland. 
Type: Coarse grained, pink Caledonian granite with pink alkali feldspar 
phenocrysts. 
Age: SiVDev (4238Ma, Kneller 1987). 
Comment: This is the largest member of the Skene complex. 
Origin: Collected in a quarry at Gask. 
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DHF-1 6B 
Name: Gask tonalite. 
Locality: Gask, Grampian, Scotland. 
Type: Moderately foliated Caledonian tonalite. 
Age: SiLIDev. 
Comment: The Gask tonalite is both veined by and found as xenoliths within the 
Skene granite and must therefore predate the larger intrusion. 
Origin: Collected in a quarry at Gask. 
DHF-1 7A 
Name: Hill of Fare granite. 
Locality: Sunhoney Farm, Grampian, Scotland. 
Type: Homogeneous, pink, biotite Caledonian granite. 
Age: SiVDev (4133Ma, Halliday et al 1979). 
Comment: Is the youngest and most central member of the Skene complex 
(Kneller 1987). 
Origin: Collected in a quarry near Sunhoney Farm. 
DHF-1 9A 
Name: Ballater granite. 
Locality: Pass of Ballater, Grampian, Scotland. 
Type: Caledonian Adamellite (Crane 1987). 
Age: SilIDev. 
Comment: Appears to have been volatile rich as in places it contains numerous 
quartz veins and miarolitic cavities. Beryl and fluorite may also be found (Crane 
1987). 
Origin: Collected from crags within the Pass of Ballater. 
DHF-22A 
Name: Peterhead granite. 
Locality: Whinnyfold, Grampian, Scotland. 
Type: Red, bioitQaledonian granite. 
Age: SiLIDev (41 17jQIa, Bell 1968) 
Comment: Std killy red rock exposed on a sea cliff. 
Origin: Collected from sea cliff at Whinnyfold. 
DHF-26A 
Name: Kinstearie granite. 
Locality: Kinstearie, near Naim, Scotland. 
Type: Pink, biotite Caledonian granite. 
Age: SillDev. 
Comment: Very minor Caledonian intrusion. 
Origin: Departmental collection, Univ Edinburgh. 
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DHF-27A 
Name: Perthitic feldspar crystal. 
Locality: Perth, Ontario, Canada. 
Type: A large alkali feldspar crystal (8cm across) which shows a very well 
developed perthite visible in hand specimen. Numerous biotite crystallites are 
found in the Ab-rich phase. 
Age: Unknown. 	 V 
Comment: Is the type locality of perthite. 
Origin: Departmental collection, Univ Edinburgh. 
DHF-28A 
Name: Amazonite crystal. 
Locality: Chester, Pennsylvania, USA. 
Type: Single amazonite crystal (4cm across). 
Age: Unknown. 
Origin: Departmental collection, Univ Edinburgh. 
DHF-32A 
Name: Cheeswnng granite. 
Locality: Bodmin Moor, Cornwall, England. 
Type: Medium grained, grey granite. 
Age: Carboniferous. 
Comment: Mineralisation is common with chlorite, tourmaline, adularia, fluorite, 
sphalerite, pyrite, cassiterite and wolframite being found (MacFadyen 1970). 
Origin: Departmental collection, Univ Edinburgh. 
DHF-33A 
Name: Shap granite. 
Locality: Shap, Cumbria, England. 
Type: Medium grained, pink Caledonian granite with striking perthitic orthoclase 
phenocrysts (up to 5cm across). 
Age: Early Devonian (3924Ma, Shepherd et al 1976). 
Comment: Has been described as showing evidence of solution and 
reprecipitation of alkali feldspars (Firman 1978). 




Locality: Langesund Fjord, Oslo region, Norway. 
Type: Alkali feldspar crystal from nepheline syenite pegmatite within a larvikite 
pluton (Ramberg 1972). 
Age: Permian. 
Comment: Found on islands in the fjord. 
Origin: Departmental collection, Univ Edinburgh. 
DHF-42A 
Name: Black marginal rapakivi granite. 
Locality: Wiborg Massif, Finland. 
Type: Rapakivi granite containing black alkali feldspars. 
Age: Unknown. 
Origin: Prof I. Parsons, Univ Edinburgh. 
DHF-45A 
Name: Naujae 
Locality: llimaussaq intrusion, South Greenland. 
Type: Coarse grained rock with alkali feldspar, alkali amphibole, aegirine and 
eudialyte crystals which can be several centimetres across and which poikilitically 
enclose small sodalite crystals which are usually around 0.5cm across (Sorensen 
and Melchior-Larsen 1987). 
Age: Proterozoic, Gardar province (11 6821 Ma, Blaxland et al 1976). 
Origin: Prof I. Parsons, Univ Edinburgh. 
DHF-45B 
Name: Foyaite. 
Locality: Gronnedal-Ika centre, South Greenland. 
Type: Rock rich in alkali feldspar, nepheline, aegirine and apatite. 
Age: Proterozoic, Gardar province (1327±1 7Ma, Emeleus and Upton 1976) 
Origin: Prof I. Parsons, Univ Edinburgh. 
BD123b 
Name: Silicate lava flow. 
Locality: Oldoinyo Lengai, Tanzania. 
Type: Orthoclase phenocryst in phonolitic lava flow (Dawson 1962). 
Age: Around 25000 years BP (Dawson, pers comm). 
Origin: Prof. J.B. Dawson, Univ Edinburgh. 
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BM-x 
Name: BIâ Mane Sø perthosite. 
Locality: Blâ Mane SØ, South Greenland. 
Type: Perthosite (perthitic, alkali feldspar syenite). 
Age: Proterozoic, Gardar province. 
Comment: This is a very homogeneous pluton with little variation in either texture 
or mineralogy. Over twenty samples were collected from this pluton. BM-x is used 
to represent an unspecified sample from this pluton. 
Origin: Dr A.A. Finch, Univ Aberdeen. 
RPA1 
Name: Scottish Monchiquite. 
Locality: Rudden's Point, Elie, Fife, Scotland. 
Type: Monchiquite. 
Age: Carboniferous. 
Origin: Departmental collection, Univ Edinburgh. 
Ri-hA 
Name: Prins Cristiansund rapakivi granite. 
Locality: Prins Cristiansund, South Greenland. 
Type: Black rapakivi granite. 
Age: Proterozoic (1 733Ma, Gulson and Krough 1975). 
Comment: Rapakivi granite containing black, very pristine alkali feldspars. 
Origin: Prof I. Parsons, Univ Edinburgh. 
88-42 
Name: Granulite. 
Locality: Vestfold Hills, Taynaya Bay, Antarctica 
Type: Alkali feldspar-sapphirine-cordierite-sillimanite-plagioclase granulite. Meta-
aluminous sediment. 
Age: Archean (2500Ma, Harley 1987) 
Origin: Dr S.L. Harley, Univ Edinburgh. 
14321 
Name: Polymict breccia. 
Locality: Frau Mauro region of the Moon. 
Type: Polymict breccia containing granitic clasts (Warren et al 1983). 
Age: Around 41 OOMa (Warren et al 1983). 
Comment: Collected on the Apollo 14 mission and given NASA reference number 
14321-1613. 
Origin: Dr R.W. Hinton, Univ Edinburgh. 
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Klokken 
This is a layered intrusion with two distinct layer types: granular syenite and 
laminated syenite. Several samples were used from each type. 
Name: Klokken layered syenite 
Locality: Klokken, South Greenland 
Age: Proterozoic, Gardar Province (11 39rl 1 Ma Parsons and Becker 1987). 
Origin: Prof I. Parsons. 
Granular syenites (Samples K89-6, 140012, 140115) are relatively fine grained 
and dark coloured. This contrasts with the laminated syenites (Samples 43738, 
140025, 140130) which are coarse grained and light coloured. The granular 
syenites tend to weather out faster than the laminated syenites and this, along 
with the colour difference, leads to the striking layering (Parsons and Becker 
1987). The colour difference is due to the alkali feldspars which are turbid and 
white in the laminated layers and pristine and clear in the granular layers. 
References In Appendix. 
Bailey EB, Maufe HB (1960) "The geology of Ben Nevis and Glen Coe" Mem 
Geol Surv (Scot), 307pgs 
Bell K (1968) "Age relations and provenance of the Dalradian Series of Scotland" 
Bull Geol Soc Am 7:pgs 1167-1194 
Bell BR, Hams JW (1986) "An excursion guide to the Geology of the Isle of Skye" 
Geol Soc Glasgow, 31 7pgs 
Bennison GM, Wright AE (1969) "The geological history of the British Isles" 
Unwin Brothers, England, 406pgs 
Blaxland AB, Van Breemen 0, Steenfelt A (1976) "Age and origin of agpàitic 
magmatism at llimaussaq, South Greenland: Rb-Sr study" Lithos 9:pgs 
31-38 
Brown PE (1983) "Caledonian and earlier magmatism" In Craig GY (ed) "Geology 
of Scotland" pgs 167-204 
Crane A (1987) "The geology of Deeside" In Trewin NH, Kneller BC, Gillen C (ed) 
"Excursion guide to the geology of the Aberdeen area" Scottish Academic 
Press, Edinburgh pgs 227-242 
Dawson JB (1962) "The geology of Oldoinyo Lengai" Bull VoIc 4:pgs 349-387 
Emeleus CH, Upton BGJ (1976) "The Gardar period in southern Greenland" In 
Escher A, Watt WS (ed) "Geology of Greenland" Gronlands Geologiske 
Undersogelse pgs 153-181 
Firman RJ (1978) "Intrusions" In Mosely F (ed) "The geology of the Lake District" 
Yorkshire Geol Soc, pgs 146-163 
246 
Gulson BL, Krough TE (1975) "Evidence of multiple intrusion, possible resetting 
of U-Pb ages and new crystallization of zircon in the post-tectonic 
intrusions (Rapakivi granites) and gneisses from South Greenland" 
Geochim Cosmochim Acta 39:pgs 65-82 
Halliday AN, Aftalion M, Van Breeman 0, Jocelyn J (1979) "Petrogenetic 
significance of Rb-Sr and U-Pb isotopic systems in the 400Ma old British 
Isles granitoids and their hosts" In Harris AL, Holland CH, Leake BE (ed) 
"The Caledonides of the British Isles - reviewed" Spec PubI Geol Soc 
Load 8:pgs 653-661 
Harley SL (1987) "Archean sapphirine granulites from the Vestfold Hills" 5th 
International Symposium on Antarctic Earth Sciences, Cambridge pg 150 
Johnson MAW (1983) "Torridonian - Moine" In Craig GY (ed) "Geology of 
Scotland" pgs 49-76 
Kneller BC (1987) "A geological history of NE Scotland" In Trewin NH, Kneller 
BC, Gillen C (ed) "Excursion guide to the geology of the Aberdeen area" 
Scottish Academic Press, Edinburgh pgs 1-50 
MacFadyen WA (1970) "Geological highlights of the West Country" Nature 
Conservancy Handbook, Butterworths, London, 296pgs 
Parsons I, Becker SM (1987) "Layering, compaction and post magmatic 
processes in the Klokken intrusion" In Parsons I (ed) "Origins of igneous 
layering" Reidel, Dordrecht pgs 29-92 
Ramberg 1(1972) "Braid perthite in nepheline syenite pegmatite, Langesund 
fjorden, Oslo region (Norway)" Lithos 5:pgs 281-306 
Rayner OH (1981) "The stratigraphy of the British Isles. 2nd Ed" Cambridge Univ 
Press 460pgs 
Reid C, Fleft JS (1907) "The geology of the Land's End District" Mem Geol Surv 
(England and Wales) 
Shepherd TJ, Beckinsale AD, Rundle RD, Dunham J (1976) "Genesis of the 
Carrock Fell tungsten deposits, Cumbria: fluid inclusion and isotopic 
study" Trans Inst Min Met :pgs 63-73 
Sorensen H, Melchior-Larsen L (1987) "Layering in the llimaussaq alkaline 
intrusion, South Greenland" In Parsons I (ed) "Origins of igneous layering" 
Reidel, Dordrecht pgs 1-28 
Warren PH, Taylor GJ, Kell K, Shirley ON, Wasson JT (1983) "Petrology and 
chemistry of two "large" granite clasts from the Moon" Earth Planet Sci 
Left 64:pgs 175-185 
247 
Index of Rock Samples 
Given below are the rock samples used. The columns give the page numbers 
where the rock sample is featured as a particular image type. 
Sample 	SEI 	BSE 	 TEM 	Optical 
DHF-1A 	38 
DHF-3A 38 72,75,79 85,86 79 
DHF-4A 38 
DHF-5A 39 122 
DHF-5B 39 
DHF-5F 40 
DHF-6A 41 74 87,88 3,74,122 
DHF-7B 27,41 115 
DHF-10A 82 
DHF-12A 30,41 115 
DHF-14A 42 
DHF-15A 42 
DHF-15C 42 89 
DHF-16A 43 70,73,78 90 73,78 
DHF-16B 30,43 
DHF-17A 44 75 91,92 79 
DHF-19A 44 115 
DHF-22A 44 76,80,93,94 76 
DHF-26A 45 71,77,95,96 77 
DHF-27A 45 
DHF-32A 45 
DHF-33A 46 80 














43738 20,27,49 69 97,98,99 72,122 
140025 74 
This table gives the rock types used in the lR spectroscopy study, the minor 
element analysis and other techniques. Numbers indicate the page on which the data 
can be found. 
Sample I 	spec. Minor El. Others 
DHF-1A P 
DHF-3A 171 151 P,A,M,I 
DHF-4A 171 151 P,A,M 
DHF-5A 171 P,A 
DHF-5B A 




DHF-15A 171 P,A 
DHF-15C 171 151 P,A,M 
DHF-16A 171 152 P,A,M,I 
DHF-17A 172 152 P,A,M,I 
DHF-19A 172 152 P,A,M,I 
DHF-22A 172 152 P,A,M,I 
DHF-26A 172 153 P,A,M 
DHF-28A M 
DHF-32A 172 153 P,A,M 







140115 173 P 
43738 173 153 P,A,M,I,O 
140025 173 153 P,A,M,I,O 
140130 0 
P =-petrographic study, page 109 
A = alteration study, page 120 
M = major element analysis, page 136 
I = pore inclusion study, page 163 
C = cathodoluminescence study, page. 103 
0 = 	O study, page 158 
